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| Introduction 
JNHE INCREASING use of the automobile 
today, the higher standards of highway 
esign, and the projected expansion of the 
Nation’s highway construction programs are 
reating a substantial increase in the number 
f underpasses and tunnels both in urban and 
ural areas. In urban areas, the increase is 
 ecessitated by esthetic considerations in 
ighway construction, urban planning philos- 
phies, and the use of air rights above the high- 
vay for building construction; in rural areas, 
) is brought about by improved highway 
esign standards and construction methods. 
_ The increased number of tunnels and under- 
asses, together with higher vehicle operating 
peeds, has inereased the need for proper 
ghting of these structures. The attention 
eing given highway safety emphasizes this 
eed, not only for the safety of vehicle occu- 
ants and pedestrians but also to insure the 
cid ficient use of the highways. 

| How to distinguish an underpass from a 
annel and when to provide lighting for struc- 
ures between 75 feet and 1,000 feet long are 
. Uestions that need clarification. It is likely 
: hat any guidelines or standards for tunnel 
_ ghting may not be universally applicable 
ind that each of the structures should be 
—jdividually evaluated. 





‘Messrs. Thompson and Fansler were formerly in the 


fice of Engineering and Operations, Highway Standards 
ad Design Division. 
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Modern highways designed to accommodate high-speed, high-volume ve- 
hicular traffic incorporate in their construction numerous tunnels and under- 
passes. Many of these structures require fixed lighting to provide adequate 
visibility for the road user. Information obtained during a national survey of 
the lighting system in most of the major tunnels throughout the United States 
is presented in this article, and the authors discuss the important lighting 


features noted during the survey. 


Suggestions are offered for determining which tunnels and underpasses should 
be lighted; factors which must be considered by the designer when selecting 
lighting criteria for a specific project are outlined; and guidelines for both 
day and night levels of illumination in these facilities are summarized. 


Once a structure is defined as a tunnel, such 
factors as length, cross-section, lining, traffic 
volume, alinement and grades, location, and 
outside field-of-view brightness immediately 
adjacent to the portal should be considered in 
the design of the lighting. But so many com- 
binations of variables can exist that no two 
tunnels are alike, and even though tunnel 
lighting guides are available (1, 2, 3),? an on- 
site evaluation of existing lighting systems, to 
determine fundamental objectives and opera- 
tional experience, is a necessary prerequisite to 
an evaluation of tunnel lighting. 

In this article, a library study of literature 
on highway tunnel lighting and a field investi- 
gation of existing tunnels are summarized. 
The three major objectives of the research 
were (1) to identify published materials re- 





2 Italic numbers in parentheses refer to the bibliography 
listed on p. 105. 


lated to the lighting of tunnels, (2) to sum- 
marize the survey of existing tunnel lighting 
installations, and (3) to distinguish between a 
tunnel and an underpass for lighting purposes 
and formulate guidelines for 
based on pertinent research 

investigation. 

For the first of these objectives, studies 
were conducted in Washington, D.C., at the 
Libiary of Congress, the library of the Catholic 
University of America, and the professional 
library of the Bureau of Public Roads. Night 
Visibility Bulletins of the Highway 
Information Service and reports of the High- 


illumination, 
and the field 


Research 


way Research Board were reviewed, in addi- 
tion to industry bulletins, publications, and 
equipment specifications on tunnel and under- 
pass lighting solicited from manufacturers. 
For the second objective, information was 
obtained directly from officials responsible for 


77 


the design, operation, and maintenance = the 
major tunnels throughout the United States. 
A comprehensive questionnaire, aubautted to 
the officials, consisted of nine parts: 
e Tunnel physical data 
Portals and approaches 
Traffic conditions 
Electrical system 
Lighting system—continuous burning 
Supplemental daytime entrance (adaptation) 
lighting 
Maintenance procedures 
Cost information 
@ Miscellaneous 

The questionnaire was mailed before the 
tunnel was officially visited for an on-site (day 
and night) inspection of tunnel lighting, oper- 
ation, and maintenance, aod for interviews 
with design, operation, and maintenance per- 
sonnel to obtain their evaluations of the light- 
ing installations. In general, complete infor- 
mation was furnished in all but the cost item 
of the questionnaire. In many of the tunnels, 
the initial cost of the lighting was included 
with other work and was not available. A 
summary of the tunvel lighting survey is given 
in table 1 

For the third objective the published litera- 
questionnaires, field inspections, and in- 
terviews were analyzed to identify criteria for 
determiring the difference between an under- 
pass and a tunnel for lighting purposes, and 
to determine criteria for proper highway tun- 


ture, 


nel lighting design. 

Lighting terminology for a tunnel is shown 
in figure 1. 

Background 

Good visibility is a prerequisite to safe 
traffic operation in a highway tunnel. The 
lighting in a highway tunnel has too often 
been designed on the basis of insufficient 
guidance and opinion rather than on a factual 
basis. Upon completion of the nationwide 
tunnel lighting survey, the general observation 
of day and night lighting levels indicated an 
excess of nighttime lighting and a deficiency 
of daytime entrance-zone lighting. When either 
of these conditions exists, highway safety and 
highway utility are not being served to the 
best interest of the road user. Examples 
well designed night lighting and of well 
designed daytime lighting were observed, but 
a combination of well designed day and night 
lighting was not found in any one tunnel. In 
many tunnels inadequate day lighting existed 
because the same type of equipment was being 
used both for night and day conditions. With 
the lighting equipment available at present, 
it may be impractical to use the same equip- 
ment for both day and night conditions be- 
cause of the difference in the lighting require- 
ments. 

Many illuminating engineers are convinced 
that the foremost shortcoming in the field of 
tunnel lighting is the lack of basic research to 
isolate visibility requirements, and the instru- 
mentation to check these requirements. Others 
believe that new research would result, largely 
in the rediscovery of many old truths; they are 
convinced that to reveal and discredit many 
ideas, allegedly motivated by commercial 
interest, would be rewarding. This group does 
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Figure 1.—Tunnel lighting terminology. 


not agree that there is a lack of basic research 
and that the gap between available research 
and needed information is small. The research 
reported here revealed that little attention has 
been devoted to the lighting of tunnels, and 
that technical advances and research on the 
subject have not been recognized, or remain 
unknown to those who are responsible for the 
tunnel lighting design. Evaluations of tunnel 
lighting by such individuals often reveal that 
the criteria used and the judgments exercised 
in design and operation continue to be clouded 
with personal, and frequently inept, opinion. 
Therefore, analysis of available information, 
and its dissemination to those responsible for 
making final design decisions, is essential to the 


SUBAQUEOUS TUNNEL 


ROCK TUNNEL 


CUT AND COVER TUNNEL 


NIGHT ZONE 












NORMAL ZONE (DAY) 


"EXIT PORTAL 


proper consideration of sound enginee 
judgment and fiscal aspects. 

Tunnel lighting design should account 
the most important aspects of lighting— 
road user’s ability to see. Eye adaptation 
phenomenon that requires understanding 
evaluate this ability. Eye adaptation is m 
faster when the eye transfers from a dar 
bright environment than when it trans 
from bright to dark environments. Ace 
ingly, supplemental daytime entrance li 
ing is critical, whereas supplemental day! 
exit lighting is not. At night, the entri 
lighting becomes less critical, but atten 
should be given to exit lighting because of 
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Pe tation of the driver’s eye from light in the 
unnel to the darker environment outside the 
unnel. 
During the day, the entrance of the tunnel 
equires sufficient lighting to prevent the etfect 
f entering a dark hole, the most serious de- 
nand on eye adaptation. The exit of the 
unnel appears as a light hole in the daytime 
nd presents fewer problems. At night, the 
lark hole may be at the exit and the light hole 
+t the entrance—a situation created by too 
uch light in the tunnel. The survey of exist- 
g tunnel lighting showed this condition to 
ye the rule rather than the exception. 
Research and technical advancements have 
ot made momentous strides, but significant 
ontributions that provide ways to greatly 
prove tunnel lighting have been made. 
In the tunnel lighting guides (2, 3), it is 
ecommended that daytime entrance lighting 
e provided for 15-second eye-adaptation time 
rom the instant that the road user enters the 
. unnel. Based on studies of California tun- 
els, this adaptation period exceeds road user 
equirements (4). With the 6-foot-lambert 
vall brightness of the Park Presidio Tunnel 
1 San Francisco, full iris and partial retinal 
daptation times varied among individuals, 
ut no more than 2 seconds were required for 
atisfactory adaptation in this tunnel. At the 
’osey Tunnel in San Francisco, which had a 
yw interior brightness ranging from 0.03 to 
.5 footlamberts, satisfactory adaptation oc- 
urred on a bright day within 3 or 4 seconds 
fter the tunnel was entered, although visi- 
ility remained relatively poor. It was con- 
 luded from these studies that long stages of 
4 aytime adaptation lighting are wasteful, 
hat visibility of obstacles within the tunnel 
; poorest before the tunnel is entered, and 
bat daytime entrance lighting is needed to 
rovide better visibility before entering. 
An understanding of certain characteristics 
_f the human eye is important to establish 
_iteria for tunnel lighting design. It is 
_ pmetimes thought that changes in pupil size 
re important in allowing the eye to work 
ficiently over a wide range of light inten- 
ties, but, actually, the pupil area changes 
ver a range of brightness of only about 16 
) 1, whereas the eye works efficiently over a 
— wge of about 100,000 to 1 (4). In a 1943 
judy, it was established that the response 
_f the small foveal area of the eye’s retina 
ccounts for approximately 90 percent of the 
daptation to a uniform field (6). As shown 
1 figure 2, the fovea is a depression at the 
ack of the retina, the point at which the 
ision is most acute, corresponding to approx- 
eo ia the central 2 degrees of the human 
i 


“are 


=e 
= 





isual field. Complete foveal vision adapta- 

ji) (ON requires about 7 minutes; complete 

init eripheral (or retinal) vision adaptation con- 

,sf ues for an hour or more (4). The adapta- 
on time for tunnel lighting may be consid- 

i 

i 














tably shorter than the time necessary to reach 
de final state of adaptation. 

In a 1916 study, it was established that, 
1 hormal eyes, the pupil contracts auto- 
atically to protect the retina from excessive 
eal rightness, and expands to admit light to the 
ati tina when it is required (7). On sudden 








exposure to a bright light, the diameter of 
the pupil varies from about 2 to 8 millimeters, 
contracting in about 1 second. On a sudden 
reduction of full brightness, the pupil dilates 
to about 5 millimeters in about 2 seconds, and 
then continues to expand slowly to its limit. 

In a 1920 study (8) concerning the rate of 
change of pupil size for instantaneous changes 
in image brightness, it was shown that only 
a fraction of a second is required for the pupil 
to expand—increase its area 24% times—after 
a& scene was changed from 1,000 footlamberts 
to 30 footlamberts. 
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Figure 2.—The human eye. 


Complete adaptation is not necessary for 
good visibility. Partial adaptation is the ob- 
jective, and there is sufficient evidence to 
support a lighting design that provides an 
adaptation time of only 4 seconds, which even 
exceeds the minimal road user requirements. 
Visibility must be provided for the road user 
outside the tunnel, or just about to enter, 
to see a stalled vehicle or smaller object in- 
side the tunnel. However, the principal prob- 
lem is not the rate of adaptation, which takes 
place very quickly, but rather the adaptation 
level of a road user approaching the tunnel 
entrance (4, 9). The problem of adaptation 
level is aggravated by the effects of atmospheric 
scatter of the aerosals (haze) between the road 
user and the tunnel portal. In bright sun- 
light this haze, composed of dust and vehicle 
exhaust, can produce an apparent brightness 
at the portal of above 100 footlamberts and 
is a hindrance to visibility (9). 


The visibility required for the road user 
to see objects within the tunnel as he ap- 
proaches the entrance can be achieved by only 
two methods: (1) by reducing the adaptation 
level of the road user; and (2) by greatly in- 
creasing the brightness of the background 
within the tunnel against which objects can 
be seen (9). 


Roadway brightness has less effect on the 
road user’s visibility than wall and ceiling 
brightness, except in wide tunnels (10). 
Generally, roadway brightness can be as- 
signed a secondary consideration in the 
lighting design because with sufficient wall and 
ceiling brightness, adequate roadway bright- 
ness will automatically follow (4). 


Because the tunnel walls and ceiling con- 
stitute a background to silhouette a vehicle 
to the road user outside the tunnel, or just 
about to enter it, a high level of illumination 
is required to provide high brightness of these 
surfaces. If the tunnel is straight and level, 
this intensive lighting zone must extend far 
enough into the tunnel to provide a back- 
eround for vehicles, perhaps beyond what is 
normally required. If the tunnel has curved 
horizontal or vertical alinement near the 
trance, the intensive lighting design is much 
simpler. 


en- 


One of the worst conditions for tunnel 
lighting may occur when the tunnel portal 
faces the south—a condition for which there 
is little hope of achieving sufficient tunnel 
wall and ceiling brightness by conventional 
lighting systems of reasonable magnitude (11). 
This condition can be improved considerably 
by keeping the reflection of the portal and 
surrounding area low, thus reducing the 
brightness level in the motorist’s field of view. 
Also, the brightness in the road user’s field of 
view can be reduced by roadway louvers or 
screens located outside the tunnel entrance. 


In summary, the visual requirements of the 
road user are most critical when he is still 
outside and immediately entering the tunnel, 
not after he has entered it. When he leaves the 
tunnel, the visual requirement isn’t acute. 
The entrance problem is basically range of 
adaptation, not rate of adaptation. There are 
two, possible ways to overcome this problem; 
Hither provide enough brightness on the inside 
of the tunnel, or design the approach to the 
tunnel so that the brightness level in the 
road user’s field of view is reduced. In good 
design, both methods should be evaluated so 
that they can be considered in combination. 





Figure 3.—Underpass dark-frame and obstacle visibility. 
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Table 1.—Summary of tunnel lighting survey 














Physical data 





































































Location Tubes 
She #3 Length ie Type pavement 
uilt 
No. Width Operation 
ft. Ka in, ‘ 
*, Fi 1 Expressway.?____------ BOStor, Wass = 2-2 oes 233522) eeee 2a 1958 | Portland cement concrete_-- 2 0 -Way=...08 
a r eran J a pe x Set Ta a ok aN sity. Pare ee eos 50472 art eee 1961 | Asphaltic concrete__--.-._--- 1 26 9 aera do. 
Prudential Passageway?.......------------|----- AG cd ok Lee 1,080. pees eeraes 1965 | Portland cement concrete..-| 2 49 ey TS doug 
Lincoln Tunnel (3d tube)-_---------------- INGW PY OD aN Seen eae ees ee 8,013 See ee ee 1959 | Asphaltic concrete_...-.--- (of 3) 26 Ay TRESS dd. 
PEGMANCHL BIN Olas. os coe. See sae See re ae ees GO tS oe ro ee ee ee 855i Soe 1924p) See a ee ee ae 2 25 Qe eee. doa 
George Washington Bridge Lower Level---! ----- COM ens See a ee eee 600 eastbound; 1962 Sic. Se oe aoe ee eee eee 2 42 (Vie) ee dota 
800 westbound : 
5 Tae rl Sgt 67 rp ne ad we PR cae ee a eer a PAGTSDULoN eases eee eee 3,000. tae ee ae 190M (Bricks 2025 -0s ee eae eer 2 29 Une ie ie a2 do) 
Atooheny INOAGIUNGW) toed coreet eee eee Pennsylvania Turnpike_.__..-...._--- Ci Oy {0 es Ree ae pth, SS ye 1964 | Asphaltic concrete__---_---_- 1 31 Ol 2: 5 ee 
EVanIDtOn ROBdS 95 aan ss ee 2 cee ee IN OrfOlK WV asec cew sao ee Soe eee eee 4) aA Se nee Shag aes OB eee (6 Coat NE Aye 2 ee Se en 1 27 0 2-way._...2 
Norfolk-Portsmouth No. 2 (Midtown) -----|----- ol ese ate oe eee ANLO4 7 3otee x ee eee 1OG2B ete se (s (9 Se ee oT ee 1 28 OA) alee’! IS bo d0sc22 
ahimible shoal Dunnel sos. es Bees eho eas Bay Crossing, Norfolk, | 5,788_.._.__-__.._- L964 eae 0..s5s =o ee ee 1 28 Ores sees 05 
a. 
Baytown Dunnoli +s) eo. se ee Baytown, Harris County, Tex_______- 35000 Aon eee ee a eer. Portland cement concrete__- 1 26 LOM py ieee do teks 
State Highway No. 183 Tunnel_____..._...| SW pEsecnalsE AALport, LOL I Sloe eedoaseee eee 19645 ete C0 s255 eee 2 48 0 1-way--..- 
Worth, Tex. 
Caldecott Tunnel No. 3 (New)------------ 7 Oakland GC alitoe a: — aes eas eee eee PAR Yi Se Miao eae NOG4S tases dO; “SSeS eee ese 1 34 eg) Cee ae doz 
Webster St. Tube__-.-_- : aa ens het a Almeda-Oakland, Calif..............-- 3,540 Rees ee 1962 | Asphaltic concrete_-_-.-.__--- 1 32 Oral eee doe 
46 6 
Waldo Tunnel Route No. 101-_--_..--.---- Marin County, Calit 2 s21esssese. iL 00055 ae Sao s=2 5 L056 Bie Qazi 22) Se eee 2 Nabe 8 Bees CoB 
(old) 
Park Presidio. Dunnel-= 4-2-5 2 ssse se ee Dan) Prancisco, @alitess =n - — aeee 1 300 eas eo oS Se ee Portland cement conerete--__ 1 0 2-way.-...- 
Bopha Manneles seq see eee eens See PUP ORCL AV OSL =.= ees er eee tere oe Sede 300 See See Sete ners 1963 te eee d0t ae ee 2 32 0 1-way-_-_- 
ROaWOKeyL UnTelee f ey ener eas LO Sri, UNS ee erg Sty SRO 662 es ee 1063" tee do.2 £2 Res een i 25 Oi patteaee do: 
Night lighting (normal day zone) 
Name Location Year Lamp data Luminaire 
lighting 
installed f 
Type Current Data Location Spacing 
Milliamperes , : : 
John F. Fitzgerald Express- IBOStON, MLASSe oer se eee ene 1959 Fluorescent 72-in. 120 | Lamp in pyrex tube | Ceiling near each 1 row continuous 0 
way.2 TS8 Slimline. wall. each side. 
Won, Callahan; ee. sheen | ees 75 (0 pean pases OUI 8 Ee mon em 1 1 ee [eee does k = ares 150) |e ous te. 28 Wee ae Walls approx. 12 ft. |____- doz... ae Y 
above roadway. 
Prudential Passageway 2____-.__.|_---- oc eee Depend ton Ree 1965 Fluorescent 96-in. 800 | 8-ft. 3-lamp internal | Wall, 15 ft. above  |_____ GO! 2eccoe ae 
T12/HO. reflector. roadway. 
Lincoln Tunnel (3d tube) -_-_._- NG we VOrKIN a eee meer eoe 2 ee 1959 rector 4 72-in. 325-600 | Lamp in pyrex tube_| Wall near ceiling__._|-____ d02.2- ee 
12 Slimline. 
Holland Punnéieese- =n oo ul cte C6 Co sae NO Soe Sy Penne eed | 1963 5 Fluorescent 96-in. 430 eees2 (5 Coy eye ees lrow oneceiling  |{_____ do... 2.3.2 
(Relighted) T12 Slimline. over safety walk 
and other on 
upper wall surface. 
George Washington Bridge  — | __--- OPE See eee a ee 1962 Fluorescent 72-in. JOM ease Ole ee oe Wall approx. 1ft. = |_---- 0.22.0 ae 
Lower Level T12 Slimline. below ceiling. 
HOC ittc so2 yy bee oe eee PPTL UTS lien be ae ee ere 1960'S Alesse OQ Seat tex 200 Hees 06-22 eee Ceiling near wall____|-__.- G0 ee :s 
Allegheny No. 2 (New).--------- Pennsylvania Turnpike______- 1964 Fluorescent 96-in. 1,000 | Internal reflector 1 Wall near ceiling 
T12/HO. HO lamp operated 
in each 8-ft. 
luminaire. 
Pai pvon OAdss.2 ee eeere aeeeee IN OTOIK  Vitioan. sen cnee aoe ee 1957 Fluorescent 72-in. 180 | Lamp in pyrex tube_| Wall 12 ft. below 
T8 Slimline. ceiling. . 
Norfolk-Portsmouth No.2 | ----- d0 2222. See axle te LOG 2" eee 0.205, Re a a ee ee ee dor se ees es. Wall near ceiling . 
(Midtown). ; 
Thimble Shoal Tunnel. —_-_____. Chesapeake Bay Crossing, LOG 45S ar eer G6 See eas Approxi= =| fa Coe alg he oa Walljust below  |{____- do... 222 
Norfolk, Va. mately 125 ceiling. 
Baytown Tunnel___._.___.___.__| Baytown, Harris County, 1953 Fluorescent 72-in. 200 | Singlelamp6-ft.lu- | Center of arch 2 rows continuous 
Tex. T12 Slimline. minaire internal ceiling. 
; ; reflector. 
State Highway No. 183 Tunnel___| SW International Airport, 1964 Fluorescent. -—. __-=- 1,000 | 2lamps with reflee- | Ceiling at junetion of|_____ do33..-e a 
Fort Worth, Tex. tor Sines 1llamp each wall. 
at night). 
Caldecott Tunnel No. 3 (New) --| Oakland, Calif._........_.___- 1964 Fluorescent 96-in. 60 | 3lampswithreflec- | Oneachsidenear  |____- do ska. 8 
T12 RS/XHO 33 tor, deflectors ceiling. 
{high tempera- (only,1 lamp used). | 
ure). } 
Webster St. Tube____......-....] Almeda-Oakland, Calif. _.___- 1962— oN see) pe ee ee (si) ee Se dot. ae oe 0.232 42 ee doo 
Waldo Tunnel Route No. 101__._| Marin County, Calif-________- 1955 Fluorescent 72-in. 120 | 3-lamp luminaires On each side of both | _____ 00:5. 
T8 Slimline. with reflector bores. 
(only 1 lamp 
5 : used). 
Park Presidio Tunnel - --__-...- San Francisco, Calif----.-._.- JO55. [EE = coo a ee eee 120, \e2 CGOitis Oneachsidenear |_____ dO 22a ee 
, (Relighted) : ceiling. 
Bothell Dunne seat Seattle, Wash-......._..-_-.- 1963 Fluorescent 96-in. 425 | 3-lamp luminaire On each wall near Continuous each; 
T12 Slimline. with internal re- ceiling. Spacing 24 ft. at 
; : flector. : night. { 
Roanoke Tunnel --.-.-.-..-.-.- eee a ee ae eee 2968 5 § (}-ees ere. =e 2a 430 | 3lamps_ withinter-'} On each side near |_.___ ae 
nalrefleetor (1 ceiling. 
lamp in each 3d 
luminaire used). 








1A DT=Average Daily Traffic. 


2 Entrance and exit ramps within tunnel. Lane changes permitted. 


8 Circuitry is arranged so lighting levels can be controlled. All lights now being operated 
during day and night. Operation being studied to determine most effective conditions. 





4 Operated 600 ma. day and night. 


5 Original lighting incandescent. New lighting used old wall boxes. 
6 Lane changes permitted. 


7 No intensive lighting on westbound tube. 
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Table 1.—Summary of tunnel lighting survey—Continued 











Physical data—Continued 




































































Traffic lanes each tube” Ceiling Finish 
heh ety Volume Speed 
fy ortal faces 
No. Width Ets Shape Portal Taper Ceiling Walls ci 
ft. in. Whe in. be tts ADT 1 r.p.h 
3 12 5 14 3 URE HeLa epee eo ee Concrete ees aes Ivory and yellow tile..) N-S 100, 000 "30 55 
3 10 9 13 6 RRO Meee NO ay ee IE Ser 2 Wellow tiles ssseae-= ey Ollowutlles eee ere SW 23, 000 20-35 
4 11 0 14 0 OM ea esa eae tae ie Eek See Painted concrete___-_- Painted concrete_-___- CE Wilmer eee syne 55 
2 10 9 13 0 a Osseo 29 130 Wihauhicrini Ge ee Oe. oes Wihitentileseee re 27, 000 35 
2 10 0 13 6 Bee ee eed | Ee ea Concretet22 a we ee dosevase ete 82 W-NE 60, 000 35 
$3 12 0 18 0 Pcl 6 Coy ee ete 28 75 Wihitetileie ss .=eeeeed PWellOWtleses eee. E-W 23, 000 45-55 
2 12 0 12 We pS ae tee a 5 eee oe OO) ee ee | ea 20 0cs aoe oe ee see Wihitertiles ss - 222. 4 NE-SW 61, 000 45 
2 13 0 138 LOS gi Se So aes he See Se es Painted concrete 9_____|_--.- ORS eee ee 8 E 30, 000 50 
2 11 6 11 WY ig Es See cee 2a ne oS eel en ee White metal panels____|_--_- Ce lass Sere: SE-NW 10, 000 40-45 
2 11 0 11 (Op) piles See ca Sr Sey ee a | eee eh Sed eee ee C6 Ie ep eee ee ie is ae Cot Se ee Se E-W 11, 000 35-45 
2 12 0 14 0 Ae) oes oe rey 1019 17 Lyony tilen= ees ees TVOnvatll Glee eee oe NE-SW 3, 000 45 
7, 000 
2 11 0 He rt HAT CLG Cae sae soto eee ce ahenee ee te Wt a aeRO Ce a No CIM cere = eee ee herr, NE-SW +12, 350 15-35 
3 12 0 if a Ree (Oncaea es ee ee a | Pas Painted concrete_____- Painted concrete. -_-_-- Wile Pate ce ee ae 70 
2 14 0 18 4 ii ao 2G Ee mE eee ed Green tile._._.._..___- Green tile.....__._..-- NE 26, 000 55 
2 12 0 15 0 Seen Osetra ra eae ha, OR ee oe COs- ears sah aa ee Osa eee ete eee NE 17, 550 35 
63 12 0 29 0 RAT CLIOC eee seme sel ete es ee | ee eet Yellow tile (new); Wellowatiles oss see N-S 35, 000 50 
conerete (old). 
64 al 0 a 4 ne a SOKO eye See te Se EEE. 5 eee ee COMCTOLO sae re Painted conerete_____- N-S 54, 000 45 
pug 12 0 Soar Roe ee thes Pa age Btw ale, Fed Yello wstilonee ae aeem Yellow tiles... 2.28 NE-SW 14, 000 30-35 
(min.) 
16 
1 4 0 Pp aey PEON car sel eel Ses elo, se eee ey ae do: Soe, Sea. es N 8, 800 35-40 
(min.) 
Night lighting—Continued Daytime entrance lighting (intensive zone) 
Lamp data Luminaire 
Roadway Approach roadway Length Roadway 
illumination illumination illumination 
Type Current Data Location Spacing 
Average ft.-c ft. Milliamperes Average ft.-c 
c, Ss 400-w. mercury; Approximately) Fluorescent 72-in. 300 Lamp in pyrex tube_| Ceiling near wall.__| 2rows continuous _——‘{ 9.0.._------------------ 
0.9-1.0 ft.-c. 650. T8 Slimline. each side. 
- . +e 400-w. mercury; TOO aap see oo Osea oe toa 450 Be Ose ete ee | ICO Wall Sse PLOW. CONTIN UOHS.caclt See SPP eer ea 
1.0 ft.-c. side. 
pe aely eg TAL ECLL VG eRe ean, et whe een Le See ite oe ete n soe aot oes hen Noeae Sune eee e rane Page tt ere nee ees Approximately 40, 
0. 1.2, {t.-c. 
i. TEAC ee eee SOOM SE. ee Fluorescent 4 72-in. 600 Lamp in pyrex tube_| Wall near ceiling_-| 1 row continuous each | 6.0,_.--------------- - 
T12 Slimline. side. 
Wiewieereene...| Mercury 2-3 ft.-c. | 250-..-..-.--..- Mercury: 400iWe see >-s\iese es see ___.| R-60 reflector lamps.| Recessed in each Approximately L6itse)) (0.se2 se eee eae 
wall and over 
roadway. 
fay .Quemeer Se Mercury 3.5-3.7 250 7 east- Meme Oat eee ce eee see eee coco Refractor type------ Recessed in ceiling) First 150 ft.—5-ft. 75 (first 150 ft.); 
ft.-c. bound only. 3 ft. 6 in. from centers. Next 100 45 (next 100 ft.). 
wall. ft.—10-ft. centers. 
¢-- ae 400-w. mercury_---|.__.--.---------| Fluorescent 72-in. Pie Red Re eater ee ee SS a eas a Me tcae 2i Wek Mea se ee Se ER = SPS re || a a weer 

; T12 Slimline. a 7 : 

Eh, 400-w. mercury; {SOOKE eet 2 96-in. fluorescent 1, 000 2 lamps, internal Wall near ceiling.- 1 row continuous 60 (first 900 ft.); 

" 1.8 ft.-c. PG 17 (first 900 ft.); reflector. each side. 40 (next 900 ft.). 

ee 2 96-in. T12/ILO 

(next 900 ft.). : 8 , 
fk Oepapewee 2s = ol 400-w. mercury; As eth cE TNS Fluorescent 72-in. T8 180300 Oe eae SNe ook 8 Soe ae Pes eee 2 rows continuous | 24 (first 225 ft.); 
1.0 ft.-e. Slimline. each side. 12 (next 225 ft.); 
8 (next 225 ft.). 
a “Ih DPA, TRUST CODE pores. = = (WE SUR tee el Gc YU eR ee nee eee ee el baie ered (LOS Seat eee ea cm Bete ol als 
Approximately | Fluorescent 6.0 TABQ wee eek QO Gene eee eae 125-450 Lamp in pyrex tube_) Wall near ceiling -- | ----- OMe? es Be | Variable manually 
8-9, {t.-c. : 
ee) 400-w. mercury; Pits och ee Sener (nena fitin x tee ae anos 400 Single lamp with Center of ceiling-- | 6 rows continuous- ----|_.-.---------- 
1.0 ft.-c. internal reflector. : 
A. Mtiorescentis.0.0 2.) 6504.2 oo eee. PWorescentetses-sese 1, 000 2 lamps with re- Ceiling near wall_-|_-_-- C6 C6 Ce ee |e ee es ee 
i flector. 
alls—65.0; 400-W. mercury; AY eR al COR Fluorescent 96-in, 1, 400 3 lamps with reflec- Rach side: 2. 1 row continuous. ---- | Roadway—60; 
roadway— 1.0 ft.-c. T12 RS/XHO High tor and deflectors. walls—90. 
3.0, temperature. 
’ aan 11,600-lumen Abed ae oem Ue ee ay moa ee 1, 400 3lamps with reflec- | Eachsidenear  —-_--- 10 Fee Do. 
fluorescent. tor and deflectors. ceiling. 
_- |Walls—3.0; 10,000-Iumen in- 100s Fluorescent 72-in. 1, 000 3lamps with re- —|_---- CO eee 2 rows continuous. ---- Roadway—00; walls— 
| roadway—5.0.| candescent; 0.5 T12 RS/HO, 2 flector. 20. 
| a {t.-c. lamps. 
_ Walls—1.5; 175-w. mercury; 12300 ee oe ee Se dds pees 1.000 sien = ese do--------------|----- do. -----------|----- dO. -..--~------=2=|--n-n--e20==- 

7, roadway—2.5. 0.2 ft.-c. 5 Roadway—75 30: 
TK: : rae Mercury 1.0 ft.-c_ =| 150.__..._.-_-- Fluorescent 96-in. S00 Feeee= 6) ae Each wall near | ----- do--- eco ore “94 ee 
yi fo T12 RS/HO, 2 ceiling. eas Ones we: 

} lamps. : d d | Roadway—95-75 (in 

. an Mercury 0.75 ft.-c_.| 140_____-.----- Fluorescent 96-in. 800 3 lampS-------------|----- Oa eae 4 ee AUR aoe eae |e ws at Vs GRRE 
< 142 zone 1); 60-60 (in 
* : zone 2). 
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; * Lamp output changed by manual variation of current through lamps. 
|* Dull brick on face at portal. 
” NE portal has metal sun shields above approach road for distance of 500 ft. 
4 8-ft. shoulder on right, 4-{t. shoulder on left. 
® First 225 {t.—3 rows each side=65; next 225 ft—2 rows each side=40; balance—1 row 


each side=25. 


183 Control circuit changes operation of one lamp in each luminaire as follows: Intensive 
zone; Daytime 1,400 ma., Night 60 ma; Normal day zone: Daytime 600 ma., night 60 ma. 
14 Inside lane part of reversible roadway. 
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Definitions of Terms 


Adaptation.—The process by which the 
retina of the eye becomes accustomed to 
more or less light than it was exposed to during 
an immediately preceding period. It changes 
the sensitivity of the photoreceptors to light. 

Brightness (Luminance).—The luminous flux 
per unit of projected area, per unit solid angle, 
either leaving a surface at a given point in a 
given direction or arriving at a given point 
from a given direction; the luminous intensity 
of a surface in a given direction per unit of 
projected area of the surface as viewed from 
that direction. 

Footcandle.—The illumination on a surface 
1 square foot in area on which is distributed 
a light output of 1 lumen. It equals 1 lumen 
per square foot. 

Footlambert—The unit of photometric 
brightness (luminance). A theoretically per- 
fect surface reflecting light at the rate of 1 
lumen per square foot would have a bright- 
ness of 1 footlambert. 

Glare-—The sensation produced by bright- 
nesses within the visual field that are suffici- 
ently more intense than the luminance to 
which the eyes are adapted to cause annoy- 
ance, discomfort, or loss in visual performance 
and visibility. 

Lamp.—The light source employed. 

Lamp Lumen Depreciation Factor—The 
multiplier to be used in illumination calcula- 
tions to relate the initial rated output of 
light sources to the anticipated minimum rated 
output based on the relamping program to be 
used. 

Luminaire Dirt Depreciation Factor.—The 
multiplier to be used in illumination calcula- 
tions to relate the initial illumination pro- 
vided by clean, new luminaires to the reduced 
illumination provided because of dirt collec- 
tion on the luminaires at the time it is anti- 
cipated that cleaning will be required. 

Louver.—A series of baffles used to shield a 
source from view at certain angles or to ab- 
sorb unwanted light. 

Lumen.—The unit of measure of the quan- 
tity of light. The amount of light that falls on 
an area of 1 square foot, every point of which 
is 1 foot from a source of 1 candela (candle). 





Luminaire.-—A complete lighting device 
consisting of a light source together with its 
direct appurtenances. 

Maintenance Factor.—The product of the 
lamp lumen depreciation factor and the lumi- 
naire dirt depreciation factor. 

Matte Surface-—A surface from which the 
reflection is predominantly diffuse, with or 
without a negligible specular component. 

Reflectance—The ratio of the flux reflected 
by a surface or medium to the incident flux. 
This general term may be restricted by the 
use of one or more of the following adjectives: 
regular (specular), diffuse, spectral. 

Spacing.—The distance, in feet, between 
luminaires measured along the 
center line of the roadway. 


successive 


Visual Task.—Those details and objects 
that must be seen for the performance of a 
given activity, including the immediate back- 
ground of the details or objects. 
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Survey of Existing Lighting 
Installations 


Underpasses 


Lighting requirements of a tunnel are differ- 
ent from those of an underpass; and the criteria 
for lighting will determine whether it will be 
classified as a tunnel or an underpass. Con- 
sequently, to establish that a structure is a 
tunnel or an underpass is a prerequisite to 
determining the criteria for highway tunnel 
lighting design. 


WHEN X=0'-6" Y=75' 
WHEN X=1'-O" Y=I75° 
| WHEN X=1'-6" Y=315' 
WHEN X=2-0 Y=545' 
WHEN X=2-6. 


Figure 4.—Vertical dimensions for dark frame (x) across roadway for corresponding unde 
pass lengths (y). 


Unlike the lighting on a highway where 
warrants and justifications are considered and 
evaluated to determine the need, the lighting 
in a tunnel is as important a requirement as 
the ventilation or pavement surface. Daytime 
lighting is not required in an underpass and 
the warrants for night lighting would be in- 
cluded in the warrants for that particular 
section of highway of which the underpass is 


apart. Daytime and night lighting are required 


in all tunnels. 


Underpasses were included in the study 
reported here to properly identify them so that 
they can be distinguished from tunnels. 
Several factors, including length, height, width, 
alinement, and grade, must be considered in 
determining whether a structure is an under- 
pass or a tunnel. In daytime, as a driver 
approaches an underpass on a straight and 
level roadway, it will appear in the field of 
vision as a dark frame. After entering the 
underpass, the central part of the field of 
vision is taken up by the brightness of the 
exit, so that the lower brightness of the walls 
and ceiling has insignificant adaptation stimuli 
(6). Visibility of an object in the dark frame of 
the underpass, as shown in figure 3, is limited 
because the outside brightness through the 
underpass exit—the light center of the dark 
frame—controls the adaptation stimuli. Prob- 
lems such as the influence of flicker and wall 
brightness, which are important in tunnels, 
are less important in underpasses. 

Obstructions in the underpass can be seen 
if they are high enough to silhouette against 
the bright environment of the exit. If the 
vertical dimension of the dark frame across 
the roadway is less than the height of the 


STOPPING SIGHT DISTANCE AT 60M.P.H. 




















smallest object that must be seen, the obj¢ 
will be silhouetted against the exit brightness 
and be visible. In figure 4 is shown the verte 
cal dimension for the dark frame across thé 
roadway and the corresponding underpas 
lengths, with driver’s eye at a height of 3. 
feet and at a distance of 475 feet (stopping 
sight distance at 60 m.p.h.) from the unde 
pass portal. The figures in the illustratioz 
apply to an underpass located on a straigh 
and level roadway. 

Because of the daylight penetration fror 
both portals, an underpass on a straight an 































LENGTH OF 
UNDERPASS 


level roadway can be as much as 75 feet lo 
and not require lighting during the day f 
an obstacle height of 6 inches. As the leng 
of the structure is increased, the later 
dimensions of the frame created by the wa 
influence the silhouetting of objects witk! 
the structure. Silhouetting can be enhance 
by lining the structure wall with a lig 
colored material to reduce the dark fra 
formed by the walls. 
Lighting requirements for a long underp: 
on a straight and level roadway, one so le 
that the exit provides too small a part of 1 
field of vision to serve as an effective ba 
ground, can frequently be resolved by lin 
the wall with a light-colored matte-fin 
material to better utilize natural light pe 
tration. For such a structure, artificial li 
must be intense enough to compete with 
natural daylight from either end of 
structure. Illumination to produce the requi 
brightness may be economically impracti 
and in many structures impossible to achi 
(10). A substantially lower level of illu 
nation is frequently installed in this type 


Figure 5.—Effect of ceiling opening app 
mately midway of structure. 
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Figure 6.—Southwest International 
Worth, 


structure and produces little, if any, additional 

| visibility. 
Visibility in a relatively long, straight, and 

evel underpass can be improved by providing 
“hn opening in the ceiling about midway 

through the structure to permit daylight 

penetration, as shown in figure 5. A ceiling 

opening may eliminate the need for an arti- 
'! ficial daytime lighting system. 
| In effect, the open ceiling provides two 
‘l struetures instead of one, and may satisfy 
i the requirement for lighting during the day. 
‘) Walls and ceilings lined with a light-color 
i! matte-finish material will enhance the natural 
i light penetration into the structure. A design 
with a funneled-up ceiling height at the 
portal will permit more effective daylight 
penetration. A white or light-colored pave- 
‘) ment surface inside the structure,’ and a 
i} black or dark-colored pavement surface 
ii outside the structure, combined with a low 
) reflectance finish on the face of the portal, 
lt will improve the visibility without artificial 
il lighting. 
#) If the underpass is not on a straight and 
| level roadway, the silhouette effect may be 
reduced or become nonexistent, causing rela- 
tively short structures to require daytime 
\) lighting. However, in this report, an underpass 
“) is considered to be a structure that does not 
() require lighting during the day, and a tunnel 
il is eonsidered to be a structure that requires 
yf artificial lighting during the day. 














Short Tunnels 


.| A tunnel is defined as short when no more 

~\than 5 seconds are re quired to travel through 
jit at the speed limit or design speed. For 

example, if the posted speed is 55 m.p.h., a 

| tunnel no longer than 400 feet is considered 

\/8 short tunnel. 

'; No tunnel is long enough to allow the 
‘retina of the eye to completely adapt to 

highttime light levels during the day (4, 4) 

| ——___ 

* Master’s thesis, Hristaki Sofokidis (see acknowledgments). 
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Airport Tunnel, 
Tex.—daytime, all lights on. 


Fort Figure 


Unlike iris (or pupil) adaptation, which occurs 
in 3 or 4 seconds, complete retinal adaptation 
to a dark environment takes as long as an 
hour. 

Physical design of the tunnel approach, 
and exit roadway may invite special lighting 
problems that could require extending the 
length of daytime entrance lighting to 6 or 7 
seconds’ traveltime. The same factors that are 
used to determine the difference between an 
underpass and a tunnel may also be used to 
determine lighting requirements that vary 
from standard guidelines. This is particularly 
true of short tunnels. Resolving that a struc- 
ture is a tunnel rather than an underpass may 
be indefinite, and consequently, the lighting 
requirements may be nebulous. It is in this 
vague area that an in-depth evaluation is 
required prior to making design decisions. 

Factors to be considered are length; cross- 
section dimensions; lining; traffic volume and 


7.—Southwest International 


Worth, Tex.—daytime, 





Airport Tunnel, Fort 


all lights off. 


speeds; location; alinement on the 
approach, in the structure, 
roadway; type of approach and exit roadway 
(depressed or elevated); and the 
the portal faces. A thorough evaluation of all 
pertinent factors should precede preliminary 
design. 


roadway 
and on the exit 


direction 


The Southwest International Airport Tun- 
nel on State Highway 183 in Fort Worth, Tex. 
(figs. 6 and 7), may have been appropriately 
classified as an underpass. 
located on a straight, level, depressed roadway 
with rounded back slopes that open the road- 
way, even at the structure portals, so as to 
negate the depressed features. It serves 
grade separation between Highway 185 below 
and the Southwest International Airport 
north-south runway above. As it 
within the airport, roadway lighting 
the structure is restricted to 14 fluorescent 
luminaires mounted 20 feet high to transition 


This structure is 


as a 


is located 
outside 





Figure 8.—Virginia-New Ham pshire 


Avenue Tunnel, 


D.C.—northbound 


Washington, 


from portal, daytime. 
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Figure 9.—E Street Tunnel, Washington, D.C.—westbound Figure 10.—E Street Tunnel, Washington, D.C.—interior nea) 
approach, daytime. westbound exit, daytime. 













from the lighted structure to the dark highway night are frequently the cause of hazardous provided by the 65-footcandle daytime en} 


at night. The portal facades are painted gray conditions at the tunnel exit. trance lighting. Based on observations on 
to reduce their brightness during the day. A reevaluation could classify the Southwest bright day with the daytime artificial lightin| 


A relatively high level of night lighting of | International Airport Tunnel as an underpass _ turned off, reclassification of the structure 3] 
the type in the Southwest International Air- rather than a tunnel. Sufficient artificial an underpass should be seriously considerec 


port Tunnel exists in many of the tunnels in lighting to provide enough brightness to Because of its location, the expense of daytim| 
this country. The cost of operating lighting at compete with the natural daylight penetration lighting may not be justified. 

higher then necessary levels is not justified for from both ends of the structure is impractical. An investigation of the lighting reveale) 
tunnel visibility and the high light levels at Very little, if any, additional visibility is that a 12-footcandle, nighttime illumination / 

















Figure 11.—Light profile at night for E Street, 23d Street, 
and Virginia-New Hampshire Avenue structures. 
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more than necessary and that a one-third 
reduction may still leave it in excess of the 
desirable level. Because the adjacent roadway 
lighting is restricted, the contrasting dark 
and light environments may require minimum 
lighting to avoid a hazardous condition on 
leaving the tunnel. 


Photographs of the Virginia-New Hampshire 
Avenue and E Street tunnels in Washington, 
D.C., are shown in figures 8-10, and the phys- 
ical and lighting characteristics of these struc- 
tures are given in figure 11 and in tables 2 and 
3. According to the light profiles in figure 11, 
there is an undesirable variation of roadway 
and tunnel (or underpass) illumination in both 
structures. The higher levels of night lighting 
in the structures tend to negate the lighting on 
the roadways beyond the exits. To the west- 
bound road user of the E Street structure, 
this situation is critical beyond the 23d Street 
underpass because a major fork in the road- 
way necessitates a motorist’s decision about 





‘Figure 12.—Station numbers and lines used for measuring illumination in Virginia-New Hampshire Avenue Tunnel, 


\ 

/200 feet west of the underpass. Such night 
‘driving situations can be avoided by an arti- 
ficial lighting environment in the underpass 
that is similar to the lighting on the exit road- 


way. Decreasing the structure lighting, as op- 


)posed to increasing the roadway lighting, is 





“Table 3.—Measured illumination in 
E Street Tunnel, Washington, D.C. 





Wall, vertical 
illumination 


Roadway, horizontal 
illumination 





Tunnel 


station ! Lights on Lights off Lights on 





Day Night 





iS 
1d 


WIDH WOON os] bo 




















1 Tunnel stations are shown in figure 13. 
* Ventilation opening in ceiling near this point. 


Table 2.—Measured illumination in Virginia-New Hampshire Avenue Tunnel, 
Washington, D.C. 























Roadway, horizontal illumination 
Wall, vertical 
rey . ee ee illumination 
nel Line Al 
sta- Lights on | ea 3 lr eee eee 
tion ! Lights on Lights off Lights on Lights off | Lights on | Lights off 
| | | a5 th oe . 
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1 Tunnel stations and lines are shown in figure 12. 
2 Ventilation opening in ceiling near this point. 


the most desirable way of correcting the 
condition. 

It is highly desirable to maintain a constant 
and continuous lighting environment for the 
road user at night on all sections of the 
highway including tunnels and underpasses. 
Tlumination in structures and on adjacent 
roadways should vary no more than 3 to 1 
and preferably no more than 2 to 1. 

The daytime lighting in the Virginia-New 
Hampshire structure may be a good example 
of economically impractical lighting that pro- 
vides artificial illumination of sufficient bright- 
ness to compete with the natural daylight 
from the ends of the structure. Visibility in 
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Figure 13.—Station numbers used for measuring illumination in 























Washington, D.C. 


the tunnel is improved very little by the arti- 
ficial lighting system, which provides as much 
as 150 footcandles on the roadway and 100 
footcandles on the walls. A comparison of 
conditions with and without artificial lighting 
showed that natural light penetration pro- 
vided reasonable visibility and that the re- 
quirement for daytime lighting is questionable. 
The cross-section area of the tunnel enhances 
natural daylight penetration. Artificial day- 
time lighting probably would not have been 
considered had the structure been on a straight 
and level roadway; even with the existing cur- 
vature in the structure, the need for daytime 
lighting is questionable. 


E Street Tunnel, 


Washington, D.C. 
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Figure 14.—George Washington Bridge Lower-Level 


near entrance, dusk. 


Tunnel— 





Figure 15.—George Washington Bridge Lower-Level Tunnel— 


approach, daytime. 





Figure 16.—George Washington 


The Washington Bridge Lower 
Level Tunnel lighting design provides a new 
concept that merits special attention.‘ This 
tunnel (figs. 14-16) uses continuous fluores- 
cent lighting for night lighting and for the 
normal day zone. Supplemental daytime en- 
trance zone lighting is accomplished with 
mercury luminaires. For the night and the 
normal day (interior) zone lighting, 6-foot, 
350-milliampere slimline fluorescent lamps are 


. wel 
George 


wired so that two lamps are connected in 
series with a choke across a 1,000-volt, three- 
phase supply. The supply voltage can be 
reduced to 800 volts or raised to 1,200 volts 
to vary the lighting intensity. In addition, 
entrance (intensive) zone lighting, consisting 
of 400-watt clear mercury luminaires, spaced 
5 feet on center for the first 150 feet, and 10 


4 Paper by Henry W. Wenson, Jr., and H. S. Lewis (see 
acknowledgments). 
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feet on center for the next 100 feet, is provided 
for the eastbound tunnel. These luminaires 
are recessed into the tunnel ceiling and are 
close to and directed toward the walls to pro- 
duce 100 footcandles on the walls in the first 
zone and 65 footeandles in the second zone. 

The mixing of fluorescent and mercury 
lamps, with the yellow tile tunnel lining, pro- 
duces pleasing and effective lighting in the 
daytime. While the validity of transitioning 
the intensive zone may be questioned, the 
road user is provided with one of the best 
examples of tunnel entrance lighting in the 
United States. 


Long Tunnels 


A long tunnel is generally considered to be 
one that is longer than 1,000 feet, but because 
of physical or geometric design, some may be 
less than 1,000 feet in length. A long tunnel 
has physical, pschological, technical, and eco- 


Bridge Lower-Level Tunnel—near entrance, nighttime. 


nomic aspects that are different from those 6 
short tunnels and underpasses. 

The long tunnel] requires two daytime light 
ing systems—one for the intensive zone (day 
time entrance lighting) and another for th 
normal day zone (daytime interior lighting, 
Adaptation level of the road user approachin 
the tunnel entrance and rate of adaptatio 
may be identical for long and short tunnels 
therefore, intensive zone lighting requiré 
ments may be the same for both types of tur 
nels. Beyond the intensive zone is the norm: 
day zone which is referred to as the interio 
Daytime lighting of the interior is a separat 
consideration, and design requirements di 
pend to a great extent on quality and type ¢ 
lighting in the intensive zone. The intensiy 
zone should allow the road user to adapt hin 
self to the change of brightness in the tunné 
If an adaptation of 5 seconds’ traveltime 
satisfied by the intensive zone, normal 
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zone lighting may be designed as a separate 
lighting system. 

As intensive zone lighting cannot be de- 
‘signed for complete retinal adaptation, it is 
mecessary to have a higher level of illumination 
in the interior during the day than at night (4). 
Night lighting and normal day lighting for the 
interior are often the same not only because 
design problems can be simplified by one 
system but also because available lighting 
equipment may lack design flexibility. As 
shown in table 1, the normal day zone (and 
night lighting) illumination ranges from 2.5 
to 40 footcandles, which are roadway values. 
Wall illumination was furnished for a few 
tunnels and ranged from 1.5 to 5 footcandles. 
The primary objective in all except wide 
cunnels is to provide lighting on walls, and, 
so a lesser extent, on the ceiling. Uniform 
prightness is best achieved with a light-colored 
natte-finish surface. Although several of the 
oider tunnels and a few of the newer ones have 
oainted walls and ceilings, the additional cost 
of tile or porcelain-enamel panels may be 
justified on the basis of performance and 
naintenance. 

The interiors of existing long tunnels are 
| ighted by four basic types of lighting equip- 
7 © ue The first type, in some of the older 
junnels, consisted of incandescent equipment 
. hat Was recessed in the tunnel walls during 
jnitial construction, providing intermittent 
lush windows which can be easily cleaned. 
Chis lighting system is not recommended 
‘}pecause it is inflexible and relatively less 
| ffective. 

A second type, the fluorescent luminaire 
“vith internal reflector, is placed either on the 
| valls or in the angle between the ceiling and 
he wall and is one way of adding new lighting 
0 an old tunnel. This type of luminaire has 
een installed in some recently completed 
) unnels. It does offer flexibility for future new 
ghting, but must be watertight, bugtight, and 





5 Reported by Harold Skootsky and John R. Brass (see 
*knowledgments). 
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Figure 17.—Baytown Tunnel, Houston, Tex.—entrance zone, 
daytime. 


dusttight for efficient lighting and mainte- 
nance. 

A third type, the fluorescent luminaire with 
reflector-deflector, was developed by the 
California Division of Highways.’ This lumi- 
naire is similar to the internal reflector, except 
it has reflector louvers to direct the light to 
the walls and ceiling, and delivers only indirect 
light to the roadway. 

The fourth type consists of a fluorescent 
lamp inside a protecting Pyrex glass tube, 
mounted a few inches from the tunnel wall or 
ceiling. Compared with the others, this type 
of luminaire is easier to make watertight and 
is being used in several newly constructed 
tunnels. 

Continuous fluorescent equipment is the 
best interior lighting for preventing undesir- 
able flicker. It is difficult, and often impossible, 
to provide both sufficient brightness for in- 
tensive zone lighting and reduced brightness 
for interior or night lighting using the same 
equipment without additional luminaires, even 
though variation in voltage or current is 
possible in some lighting systems. For this 
reason, it seems undesirable to restrict the 
design choice to the same type of equipment 
for both intensive and interior zone require- 
ments. Where lower lighting levels are re- 
quired, as for interior and night lighting, 
fluorescent lighting is desirable and is the 
type most commonly used. 

The most difficult section of the vehicular 
tunnel to illuminate is the entrance section. 
The lighting of this section is one of the few 
problems in illuminating engineering in which 
both day and night levels of lighting are 
common considerations. This critical lighting 
problem demands maximum analysis and 
evaluation, and an understanding of several 
professional fields. It is evident that entrance 
lighting has been a problem in many tunnels 
in this country, and it is equally evident that 
the problem has not been properly solved. 
The underdesign of the daytime entrance 
lighting occurs as often as the overdesign of 
the night lighting. 





Figure 18.—Baytown Tunnel, Houston, Tex.—near exit. 
nighttime. 


In some daytime entrance lighting designs, 
illumination of the roadway has been given 
major importance when roadway brightness 
should have been incidental to wall brightness. 
The most common occurrence, however, is 
simply insufficient lighting. Responses from 
interviews with those responsible for the de- 
signs ranged from a complete 
standing of the entrance lighting problem to 
an acute awareness of it. Weakness in tunnel 
entrance lighting practices stemmed from two 
primary practices: (1) Attempting to use the 
same luminaire or type of luminaire to satisfy 
three lighting conditions, and (2) designing 
for eye adaptation within the tunnel without 
recognizing the fact that difficulty is experi- 
enced by the driver not when he has entered 
the tunnel, but when he is still outside of it. 

While outside the tunnel, the driver is 
adapted almost to full daylight brightness and 
is trying to look into the much darker tunnel 
interior. The Texas Highway Department’s 
evaluation of the daytime entrance lighting 
in the Baytown Tunnel (figs. 17 and 18) under 
the Houston Ship Channel in Harris County, 
Tex., is typical of prevailing conditions in 
many other tunnels—satisfactory on a cloudy 
day, and unsatisfactory on a bright day. 
Better designed daytime entrance lighting is 
needed for this tunnel. Night lighting is pro- 
vided by two rows of luminaires that produce 
about 8 footcandles on the roadway in the 
tunnel. Roadway illumination outside the 
tunnel is about 1 footcandle. When one row 
of the luminaires was turned off, the visibility 
in the tunnel was not impaired, but the transi- 
tion from the tunnel interior to the outside 


misunder- 


roadway was greatly improved. This same 
condition observed in evaluations of 
many tunnels in which it is indicated that 
the night lighting in a tunnel should be kept 
to a minimum and should always be considered 
in relation to the lighting on the roadway 
outside the tunnel. This does not imply that 
the roadway lighting should be increased, 
but that the tunnel lighting should be reduced 


was 
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so that the ratio of roadway lighting inside 
the tunnel to the roadway lighting outside 
the tunnel should not exceed 3 to 1 and pref- 
erably 2 to 1. 

Visibility was judged as satisfactory when 
vehicles were clearly seen as_ silhouettes 
against the tunnel walls or ceiling. Very low, 
but uniform, wall and ceiling brightness will 
provide this visibility. Tiling or paneling of 
walls and ceiling enhance lighting uniformity 
and decrease the illumination requirements. 


Conclusions 


Daytime entrance lighting 


During daytime operation, tunnel entrances 
should have a supplemental lighting system 
to satisfy the visual requirements and adapta- 
tion of the road user as he approaches the 
tunnel, as he enters the tunnel, and after he 
enters it. Adaptation over the ranges experi- 
enced in entering a tunnel occurs very quickly; 
therefore, the basic requirement of the en- 
trance lighting is to provide the range of 
adaptation and not the rate. 

Many types and combinations of luminaires 
have been used to meet these demands be- 
cause the prevailing characteristics are rarely 
identical for any two tunnels. Tunnel inspec- 
tion in the United States showed that there 
are few good examples of lighting, several 
examples of fair lighting, and many examples 
of poor lighting. None was completely in 
accord with the Iluminating Engineering So- 
ciety’s 1957 report entitled Lighting Traffic 
Tunnels and Underpasses. However, this fact 
alone would not necessarily deem them unsat- 
isfactory, as this report is outdated and is 
now being revised. 

Using equipment that is available, innova- 
tion and good engineering can provide a prod- 
uct that will satisfy the need for three lighting 
systems: (1) Daytime entrance; (2) normal 
day zone; and (3) night. 

If one piece of hardware will not accomplish 
all three needs, then more than one should be 
used. Therein lies the solution to many of the 
existing problems of tunnel lighting. Economic 
considerations should prevail only after the 
minimum functional requirements are 
achieved. 

Although the majority of entrance lighting 
has been provided with additional fluorescent 
luminaires similar to those used for normal day 
zone and night lighting, the high brightness 
desired may best be accomplished with other 
types of luminaires. Economy, which is always 
an engineering factor, may be achieved by 
investing more in the entrance lighting and 
less in the night lighting. 


Exit lighting 


During the day, the tunnel exit appears as a 
light hole to the road user. Obstacles on the 
roadway will stand out as a silhouette against 
the exit and thus be clearly visible. This sil- 
houette visibility at the exit can be further 
enhanced by the additional natural light pene- 
tration into the tunnel produced by tile- or 
panel-lined walls at the exit, as shown in 
figure 19. Thus, no visibility problem exists as 
long as the tunnel exit is clear. 


UNLINED TUNNEL 





Figure 19.—Effect of natural light penetration on walls at the tunnel exit. 


UNLIGHTED. 





Figure 20.—Effect of normal day zone lighting at the tunnel exit. 


When the exit is not clear, there may be a 
different visibility requirement. When a small 
object is following a larger one, as shown in 
figure 20, the smaller object would not be 
obvious and, depending on its color, may not 
be visible. This situation is improved by the 
normal day zone lighting, and is sufficient 
justification to extend the normal day zone 
lighting to the exit portal. Supplemental exit 
lighting is rarely required at the tunnel exit. 


The most common difficulty at the tunnel 
exit occurs at night, when the roadway outside 
the tunnel has no lighting or a lower level of 
illumination than inside the tunnel, and the 
exit appears as a dark hole to the road user. 
Excessive lighting inside the tunnel is the com- 
mon cause of this situation. Many tunnels 
have the same system for night lighting as for 
normal day lighting. Inasmuch as the normal 
day lighting system must provide substantially 
more brightness than is required for the night 
lighting, a single lighting system, with no pro- 
vision for varying the amount of illumination, 
cannot satisfy both requirements. At night, 
lighting in excess of the optimum is detri- 
mental and may create a hazardous condition 
at the exit. The conditions for road user visi- 
bility are not met if the normal day lighting in 
the tunnel remains the same at night. The 
California State Highway Department de- 
signed a luminaire with control circuits to 
change lamp operation for daytime, and night- 
time conditions. Two 1,400-ma. lamps and one 
600-ma. lamp are for daytime operation and 
one 60-ma. lamp is used at night. Actually, the 
lamp that is operated at 600 ma. during the 
day is operated at 60 ma. at night. This 
luminaire satisfies the day and night lighting 
requirements for the tunnel interior but does 






























LINED TUNNEL 


LIGHTED 


not furnish sufficient illumination for mos’ 
daytime entrance lighting needs. 


Flicker 


Discontinuous lighting in long tunnels re 
sults in nonuniform brightness of the interio 
and produces a recurrent flicker which dis 
comforts the road user. It also reduces vis 
ibility by producing phychological harassmen 
in the form of moving shadows within th 
driver’s vehicle, and troublesome reflection 
that appear to crawl over other vehicles anc 
to some extent, camouflage them. This phe 
nomena, which is the result of periodic brigh’ 
ness changes, is dependent on the repetitio 
frequency. When the frequency is increase 
to 50 to 80 cycles per second, called tt 
flicker-fusion frequency, the periodic charact 
of the lighting can no longer be distinguishe 

In the United States, flicker causes fe 
problems because most tunnel interiors a 
illuminated by continuous lines of lightin 
Fluorescent luminaires installed in continuo! 
rows eliminate flicker. Even though the er 
plates, fittings, ete., interrupt the continuo 
lighting, they are not of sufficient length 
cause objectionable flicker. Continuous ligh 
ing must be installed parallel to the roadwa 
the mounting of a linear source lateral 
across the ceiling of a tunnel ean be glari 
and cause flicker. f 

Continuous fluorescent tunnel lighting sy 
tems are recommended for night lighting at 
interior day lighting. 4 
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Maintenance 


Reliability of tunnel lighting is vital becat 
it is used continuously, 24 hours a day. 4 
lighting depends on many factors that shot 
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be recognized and accounted for at the design 


stage. Maintenance of the lighting is a most 


important factor, and the proposed mainte- 
nance program must be reflected in the initial 
design or realistic results cannot be forecast 








(fig. 21). Poorly maintained tunnels discredit 


the responsible agency, and present ineffec- 
tive lighting with its associated hazards. 
The maintenance required depends on the 


‘ location, type, and volume of traffic; type and 


capacity of the ventilation system; tunnel 
cross section and shape; ceiling and wall finish; 
Operating speeds in the tunnel; type and lo- 
cation of luminaires; grades and alinement 
within the tunnel; and the electrical system 


‘and supply. Even momentary failure of the 


lighting is dangerous, and adequate standby 
equipment and supplies are necessary. There 
is much more equipment in a tunnel than in a 
corresponding length of ordinary roadway, 
and tunnel maintenance is a large undertaking. 
| A tunnel must have sufficiently high initial 
illumination to compensate for the many 
factors that will reduce it. The most important 








factor, with the exception of the luminaries 


"is the surface treatment of the walls and ceil- 


ing. Reducing the reflection factor of these 
surfaces may be more detrimental to lighting 
effectiveness than any other single factor. 
Vehicular tunnels must be finished with an 
interior surface that will not deteriorate as 
time progresses and as chemicals attack it, 
that will not readily soil, and that can be 
easily cleaned. These attributes are character- 
isties of a light-colored matte-finish tile or 
porcelain-enamel panel with an initial re- 
flectance of 70 percent or higher. The tempta- 
tion to use a less costly finish should be resisted 
because the cost of cleaning and repainting, 
plus the loss of reflectance, will result in much 
higher maintenance costs and require more 
initial illumination. 
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30 | [] TEMPERATURE AND VOLTAGE FLUORESCENT LUMINAIRES OPERATED 24 
FE} DETERIORATION OF LUMINAIRE HOURS PER DAY. TUNNEL WALLS AND 

ee OUTSIDE OF LUMINAIRE CLEANED ONCE A 
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Figure 21.—Effect of a preventive maintenance program—six causes of light loss for a 
tunnel interior lighting system. 


Luminaires should be sealed to prevent the 
entry of dust and water when the tunnel is 
being cleaned by a high-pressure spray. They 
should be designed to permit quick and easy 
internal cleaning. The materials used should 
be resistant to alkaline deposits, to concen- 
trated exhaust fumes, and especially to harsh 
cleaning solutions that must be used to thor- 
oughly clean the tunnel walls and ceiling. 

More frequent tunnel cleaning is required 
when traffic volumes are high and there is 
a large percentage of truck traffic. Cleaning 


OVERPASS STRUCTURE 





also is required more often when the vehicular 
speeds are slow and ascending grades exist 
within the tunnel, as exhaust fume deposits 
are a Major cause of tunnel dirt. 

Because exhaust fumes are a major cause 
of tunnel dirt, design of the ventilation sys- 
tem is a factor to be considered in the design 
of the lighting as well as in maintenance 
programs. 

Regardless of the difficulties, lamps should 
be replaced on a group replacement program, 
which not only will help preserve the light 
output at the desired level, but also provide 
for a balanced maintenance workload. The 
magnitude of relamping will generally re- 
quire group replacement by sections. To 
replace lamps on a burnout basis is usually 
false economy from the standpoint of lighting 
output and equipment maintenance 
Fluorescent ballasts and lamp holders can be 
damaged by very old lamps that develop 
rectification and sputtering. Even though some 
lamps will burn for years, eventually their 
light output will be reduced to a point beyond 
which it is economical to keep them in 
service. Design for a specific level of illumina- 
tion is impossible when lamps are replaced 
on a burnout basis only. 

The inside of the luminaire will require 
cleaning more often than the frequency of 
lamp replacement, but maintenance schedules 
still should prescribe cleaning each time a 
lamp is replaced. 

Some tunnels need cleaning weekly, whereas 
others may not require cleaning for several 
weeks. Locations in northern sections of the 
country, where freezing conditions may exist 
continuously for several weeks or 
make cleaning operations difficult and fre- 
quently impractical. These are factors that 
must be recognized, evaluated, and accounted 
for in the design of the lighting system. Designs 
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Figure 22.—Location of roadway lighting luminaires adjacent to underpass portals for 
maximum penetration. 
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that do not include provisions for maintenance 
are incomplete and ineffective. 


Entrance roadways 


Nighttime roadway lighting adjacent to the 
tunnel entrance is not required for visibility 
but may be provided without detrimental 
effect. The criteria for roadway lighting should 
be the same as though no tunnel existed. When 
the roadway is continuously lighted, no change 
should be required because of the tunnel. 

Special designs have been successfully used, 
and are recommended when practical, to reduce 
the daytime brightness of areas outside the 
portal and enhance the visibility of the road 
user. A low reflectance finish on the face of 
the portal, dark pavement surface, and heavy 
tree foliage shading the roadway and portal 
area will reduce the adaptation level of the 
driver. 

Light transition louvers have been used on 
the approach roadway to reduce the brightness 
ratio between the tunnel interior and the 
exterior environment (12). A few installations 
have been judged favorably, and many illumi- 
nating engineers believe more use should be 
made of louvers, which shade the roadway 
ahead of the entrance and provide a light 
transition between the bright daylight of the 
exterior and the darker tunnel entrance. 


Exit roadways 


There is no need for special treatment at the 
exit roadway during the day. With properly 
designed night tunnel lighting and roadway 
lighting adjacent to the tunnel exit, there 
should be no problem at night. However, when 
the lighting in the tunnel exceeds the require- 
ments for visibility, the additional expense of 
designing higher-than-necessary roadway illu- 
mination to provide transition from the exces- 
sively bright tunnel interior to the relatively 
dark exterior roadway should not be condoned. 
The night lighting should be much less than 
the normal day lighting to avoid creating 
potentially hazardous conditions and un- 
necessary expense, yet provide the road user 
with optimum visibility. 


Guide Values for Lighting 


Underpasses 


Underpasses, up to 75 feet in length, may be 
adequately lighted from roadway luminaires 
outside the underpass. Lighting poles should 
be located near each portal, as shown in figure 
22, so that the maximum amount of light can 
penetrate the underpass. When supplemental 
underpass lighting is required, the roadway 
lighting in the underpass should be the same 
as that on the approach and exit roadway. In 
urban areas, additional illumination may be 
required for pedestrians and for the policing 
of underpasses. For these applications, the 
underpass lighting should be no more than 
three times the lighting on the roadway 
outside the underpass. 

Lighting is not necessary in an underpass 
during the day, except for pedestrians and 
policing, and then only in long underpasses. 
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Short tunnels 


Short tunnels require two lighting systems, 
one for daytime and one for nighttime. 

Daytime entrance lighting —-The entire length 
of the tunnel should be designed for sufficient 
wall and ceiling brightness to silhouette an 
obstacle for the road user outside the tunnel. 
The required lighting will vary with prevail- 
ing conditions, but should generally average 
between 30 and 60 footcandles maintained on 
the walls. All values of wall and ceiling illumi- 
nation are based on a reflectance factor of at 
least 70 percent for wall surfaces. When re- 
flectance is less than 70 percent, designed 
illumination should be increased to compensate 
for the lower reflectance. (See table 4.) 


Table 4.—Guidelines for maintained 
illumination on wall 


Short 
tunnel 


Long 
tunnel 


Under- 
pass 


Lighting 
system 





ft.-c 


Day entrance 
Day interior_-_-_--_- 
Night 














1 Should be same as approach roadway lighting. 


When more than one row of fluorescent 
luminaires is required to light each wall, other 
types of luminaries to provide the additional 
illumination should be considered. 

Night lighting.—Lighting at night must be 
designed to avoid flicker and glare, and illumi- 
nation should be the same throughout the 
entire length of the tunnel. The ratio of the 
roadway lighting inside the tunnel to that of 
the roadway outside the tunnel should not be 
greater than 3:1 and preferably should not 
exceed 2:1. Wall and ceiling illumination in 
tunnels during the night should be maintained 
between 0.7 and 2.0 footcandles. Fluorescent 
luminaires are recommended for night lighting 
to provide continuous, uniform, low bright- 
ness lighting on the walls and ceiling. 


Long tunnels 


Three lighting systems are required for long 
tunnels, one for daytime entrance, one for 
normal day zone (interior), and one for night. 

Daytime entrance lighting — Requirements 
for daytime entrance lighting in long tunnels 
are identical to those for short tunnels. The 
length of daytime entrance lighting should 
provide for at least 5 seconds’ traveltime in 
the tunnel, or provide a safe stopping distance. 
An additional length of intensive zone lighting 
may be required in a straight and level tunnel 
to provide sufficient background brightness 
to silhouette an obstacle in the tunnel. The 
effectiveness and economy of all types of 
luminaires should be considered, evaluated, 
and compared before selecting the type of 
luminaire to perform the daytime lighting 
task in the tunnel entrance. 

Normal day zone (interior) lighting.—In- 
terior lighting must be free from flicker and 
glare. A high-refleetance tunnel lining is rec- 
ommended to produce adequate wall and 
ceiling brightness in tunnels during the day 



















































and night. The interior lighting should main- 
tain between 5 and 10 footeandles on the | 
walls. Fluorescent luminaires extended to the | 
tunnel exit are recommended to provide in- 
terior lighting. 

Night Lighting—The night lighting re- | 
quirements for long tunnels are identical to 
those for short tunnels. j 


Tunnel lining 


The interior walls and ceiling of the tunnel 
are essential adjuncts of the lighting system, 
Wall and ceiling brightness and uniformity 
depend on the reflectance quality of the sur- 
faces. The surfaces should be of a material 
that will not deteriorate with age and chemical 
attack, will not readily soil, and can be easily 
cleaned. Although special paints are available 
for use on tunnel interiors, a more permanent 
light color matte (nonspecular) finish surface, 
with a reflectance of 70 percent or greater, is. 
recommended. When a surface material has 
less than 70 percent reflectance, the designed 
lighting should be increased to provide equiv= 
alent wall and ceiling brightness. 

The roadway surface even though it is more 
subject to dirt and discoloration can affect 
the tunnel lighting. Consideration of lighting 
effectiveness would indicate preference for a 
light color pavement. An asphalt roadway 
surfacing would be desirable for decreasing 
noise, however, maintenance and economical, 
considerations would probably be the decid- 
ing factors in the choice of roadway material. 


Wide tunnels 


In lighting tunnels up to about 50 feet 
wide, wall brightness is the principal objective; 
in wider tunnels, roadway lighting may be- 
come equal in importance. The objective ol| 
providing background brightness for silhou- 
ette vision may not be completely achievec| 
in a wide tunnel from wall brightness alone} 
In these tunnels it may be impractical te) 
provide sufficient background brightness) 
therefore, entrance lighting, preferably by) 
ceiling mounted luminaires, must also providi 
direct discernment or object glint for thi 
approaching road user. at 

Some roadways, because of the specula) 
nature of their surfaces and their reflectance! 
at the grazing angles of incidence, mirror th’ 
wall and ceiling brightness. This mirror chat 
acteristic may reduce the amount of overhea 
illumination required. 

The levels of illumination in a wide tunne 
should be similar to those in any other tunne 
Luminaires providing wall and ceiling bright 
ness in tunnels up to about 50 feet wide usuall 
produce adequate roadway brightness. I 
wider tunnels, wall lighting may leave a dar 
center in the roadway—a condition that ma 
be alleviated by additional lighting. 


Maintenance 


Tunnel maintenance cannot be allowed ? 
just happen—it must be planned. To assw 
satisfactory lighting results, the designer mu: 
have knowledge of the proposed maintenant 
program. Physical maintenance is the om 
way to continue the effectiveness of any lig 


(Continued on p. 105) 
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Introduction 





re 1894, Engels published the results of a 
4 model study in which he investigated local 
df jscour around bridge piers and the effectiveness 
of riprap in attenuating such channel deg- 
, Fadation. Since that time, numerous other 


| 
| 


,, (model studies have been undertaken to define 
i the mechanies of this localized scour process, 
resulting in a large body of data that ade- 
F quately describes the local scour phenomenon 
. in seale models and, with the application of 
.. \model-prototype similitude relations, could 
i be used to predict local scour in a real en- 
J vironment. To determine these model-proto- 
¥ type similitude relationships, scour and 
, related hydraulic and geometric data must be 
 jobtained around full scale structures for 
comparison with the model results. 

The instrument described in this article 
ol |was designed to obtain the local scour portion 
of these data. It is an electroacoustical device 
for determining, as a function of time, the 
changing streambed elevation around bridge 






















' During the research program, Mr. Corry was in the 
Office of Research and Development. 
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at Bridge Piers 


‘Determining Local Scour 


Youngs Bay Bridge, Astoria, Oregon, site at 


which newly developed scour meter was 
tested. 
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Reported by MURRAY L. CORRY, ! 
Highway Engineer, Office of Engineering 
and Operations and WILLIAM SAGER, 


Research Engineer, Automation Industries, Inc. 


The ultrasonic scour meter described 
in this article was developed to deter- 
mine the magnitude of local scour 
around bridge piers. The 
automatically obtains sufficient depth 
data to map the stream bottom around 
the upstream face of a pier. Although 
the instrument was designed to fill a 
research need, a simplified version could 
also be adapted to maintenance and 


instrument 


inspection operations. 


piers. The device, called an ullrasonie scour 
meter, was developed in a research program 
sponsored by the Office of Research and 
Development, Bureau of Publie Roads. 


Electroacoustical Systems 


Usually, any electroacoustical system de- 
signed for underwater operation requires the 
following elements: 

e Asignal generator that sends an electrical 
pulse to a transmitter. 

e A signal transmitter (transducer), located 
in the water, to convert the electrical pulse 
into a mechanical vibration, resulting in the 


propagation of a pressure wave through the 
water. 

e The media (water) in which the pressure 
wave is transmitted and the reflected echo 
retransmitted. 

e A receiver (transducer), also located in 
the water, to detect the reflected pressure 
wave and convert the received 
energy to an electrical pulse. 
transducer both a 
transmitter. 


mechanical 
Often, 


receiver 


one 
serves as and 

e An electronic amplifier to upgrade the 
pulse to a usable amplitude. 

e A computer that measures the time lapse 
between transmission and reception and con- 
verts this information into distance between 
transmitter and reflector. 

The basic configuration of the ultrasonic 
scour meter follows this general design con- 
cept (fig. 1). It consists of a transducer that 
serves both as a transmitter and receiver, and 
an electronic unit that generates the signal 
or pulse, amplifies the return pulse, and com- 
putes a voltage proportional to the distance 
between the transmitter (transducer) and 
the stream bottom. The unique feature of the 
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Figure 1.—Ultrasonic scour meter. 


instrument is its ability to automatically 
data to map the stream 
bottom near the upstream face of a bridge 
pier. This multipoint depth data is acquired 
by a mechnical unit that moves the transducer 
through a preset positioning sequence similar 


obtain sufficient 


to that shown in figure 2. 

Initially, a depth reading is obtained while 
the transducer is positioned straight down (0° 
vertical and minus 120° horizontal). Next, a 
vertical positioning gear moves the transducer 
to the 4° vertical position where motion is 
delayed for 1 second while a depth indication 
is obtained. A horizontal positioning gear then 
moves the transducer to the —90° horizontal 
position where motion is again delayed 1 
second to obtain a depth reading. The se- 
quence is continued through the —60°, 
—30°, 0°, +30°, +60°, +90°, and +120° 
horizontal positions, after which the trans- 
ducer is returned to the original — 120° posi- 
tion. Immediately upon return of the horizon- 
tal mechanism to the —120° position, the 





vertical drive moves the vertical gear to the 
8° position. The horizontal sequence is then 
repeated, and the vertical mechanism moves 
the transducer to the 18° position. This se- 
quencing continues through the vertical angles 
of 28°, 43°, and 61°. After completing the 
horizontal sequence at the 61° vertical posi- 
tion, the vertical drive returns the vertical 
gear to the 0° position in preparation for the 
next sequence. 

In operation, the mechanical unit is posi- 
tioned on the bridge pier below the water 
surface and is connected to the electronic unit 
on the bridge by waterproof cables. 


Field Test 


The scour meter was tested under field con- 
ditions at a highway bridge over Youngs Bay, 
1966. of the 
tidal action, this site had two flood, or scour, 


Oregon, in December Because 


periods daily. 
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Figure 2.—Bottom mapping sequence. 


The instrument was positioned normal to 
the bridge alinement, and guidelines were 
strung from the instrumented pier to the piers 
on each side and to a railroad trestle approxi- 
mately 150 feet away (fig. 3). Distance from 
the instrumented pier was indicated on each 
line. Check measurements were obtained by 
lead-line soundings at the pier and from a boat 
following the guidelines. An ultrasonic device 
with an accuracy comparable to that expected 
from the test instrument was used as the check 
instrument in the boat. Depth measurements 
were obtained by the two instruments at ap- 
proximately the same time; that is, the test 
instrument mapped the scour hole while the 


ultrasonic device on the boat obtained a con- 
tinuous depth record along the 0° and +90° 
sounding ranges. 

Both instruments recorded the shortest 
distance from the transducers to the stream- 
bed within the transmitted energy beams. 
Therefore, the depths recorded were functions 
of the transducer positions relative to the 
channel bottom. Accordingly, with an upward 
sloping channel bed, the test instrument should — 
have always recorded a greater depth than 
that shown by the check instrument. The test | 
results proved this to be true for most of the 
measurements obtained within the limits of 
the scour hole (angles less than 45°); but | 


outside the limits of the scour hole (angles | 
more than 45°), the reverse situation was/ 







encountered—the check instrument recorded 
the greater depth. (See figs. 4 and 5.) Outside 
the scoured the discrepancies were} 
probably due to the large angle between the 


area 


SO: 


transducer face of the test instrument an 
the streambed, which could have resulted in 
high energy loss and a corresponding redu¢ 
tion in accuracy. 

Although the tests were more qualitativ 
than quantitative, they did indicate th 
feasibility of using such a device to map scow 
hole areas. However, because of the difficultie 
encountered with the larger vertical angle 
sare should be exercised in interpreting th 
data for vertical angles larger than 45°. 

The mapping capability of the test instrt 
ment is illustrated in figure 6. The contov 
map shown was derived from data obtaine 
during one test sequence. 
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Instrument Development 


The development program was divided into 
wo phases—a, feasibility-study phase and a 
_lesign, construction, and testing phase. Hy- 
lraulic mechanical, electronic, and transducer 
wroblems and capabilities were investigated 
luring the feasibility study. 


‘easibility study 


- 


- Results of the hydraulie portion of the 
 easibility study indicated that no detrimental 
_ ffeets should be experienced from turbulence, 
-emperature gradients, air bubbles, and sedi- 
agent conditions usually encountered around 
Reo However, swift streams may carry 
ediment particles of sufficient size or concen- 
ration to make detection of the bottom 


iffeult. Measurements of ultrasonic-signal 
ttenuation due to suspended sediment in- 
ieated that concentrations larger than 20,000 
p.m. will greatly reduce the effective range 
sll f any pulse-echo instrument. Measured two- 
| ay attenuation figures for a 200-kilo Hertz 
KHz) ultrasonic beam, using bentonite as the 
i? ash load, were 0.136, 0.336, and 1.55 decibels 
iff ver foot at 10,000, 20,000, and 30,000 p.p.m. 
it Ooneentrations, respectively. These correspond 


| 0 power ae ae of 3%, 8%, § and 30% per foot. 
st 


— 
S 
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Figure 3.—Plan view of sounding lines at test location. 


Transducer diameters from 3 to 9 inches were 
plotted using a 200 kHz driving frequency. 
Subsequent pattern measurements, using a 
large tank and three transducers 2, 7, and 10 
inches in diameter, indicated good agreement 
with the calculated values. Figure 7 is a plot 
of the measured directivity of the 7-inch unit. 


Instrument design 
Instrument design was 
results of the feasibility 
data requirements. 
required 


controlled by the 
study and by the 
The design specifications 
(1) that the instrument consist of 
an electronic package containing transmitter 
and receiver modules and a mechanical unit 
containing the transducer and_ transducer 
positioning mechanism; (2) that the electronic 
package be transistorized and designed for 
battery operation; (3) that the electronic 
design provide all necessary functions for a 
pulse-echo system capable of ranging in 
increments to a distance of 150 feet with an 
absolute accuracy of +0.50 foot and with a 
relative accuracy (linearity) of +1%; (4) that 
the mechanical unit automatically move the 
transducer through a predetermined position 
sequence and transmit to a recorder the 
radial distance from the transducer to the 
bottom and to the position identification; 
(5) that the 6-inch piezoelectric trans- 
ducer transmit a beam of ultrasonic 
energy not exceeding 3° in width (see fig. 6); 
(6) that the mechanical unit be designed for 
submersion to a depth of 25 feet; and (7) 
that a rail, permanently attached to a bridge 
pier, be provided to lower and 
mechanical unit. 

The requirement for a maximum range of 
150 feet necessitated an ultrasonic frequency 
low enough to avoid excessive water 
and the requirement of a maximum beam 
width of 8 degrees with a maximum trans- 
ducer diameter of 6 inches limited the fre- 
quency of operation to a minimum of 200 
kHz. This frequency was found suitable for 
the 150-foot range requirements and 
used in all subsequent testing and design. 


raise the 


losses, 


was 


Mechanical unit 


The mechanical unit contains the 
ducer, the drive mechanism, and the auto- 
matic sequencing circuits. Because this unit 
operates under water, its case was designed to 
resist the impact of water-borne debris and 


trans- 
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Figure 4.—Depths recorded during test run No. 3. 
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Figure 5.—Depths recorded during test run No. 5. 
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Figure 6.—Scour map depth contours (number of feet below water surface). 


was constructed of %4-inch thick stainless steel 
with guide loops welded on the back for in- 
stalling the unit on permanent pier rails. 
Figure 8 is a photograph of the unit mounted 
on the pier rails. Complete, the unit weighs 
85 pounds in air and about 30 pounds in water. 

The sequencing and position indicating 
circuits are all contained in the mechanical 
unit. Automatic sequencing is accomplished 
by 6 relays, 12 microswitches, 20 diodes, and 
an RC timing network. Position information 
is provided by 9 diodes, 10 resistors, and a 
10-turn potentiometer. The drive mechanism 
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consists of horizontal and vertical drive gear 
assemblies and two 24-v.d.c. drive motors. 
The horizontal drive operates in one direction 
only and covers the full 360° movement. 


Microswitches, mounted just outside the 
circumference of the horizontal gear are 


activated by a cam on the gear to provide 
horizontal position information as well as 
automatic sequencing signals. The vertical 
drive operates in both directions over a 61° 
gear segment. The vertical drive mechanism, 
vertical position indicating potentiometer, and 
vertical sequencing cams and microswitches 




































are all mounted on the horizontal gear. T 
6-inch diameter transducer is connected to the 
vertical drive gear by a shaft that protrudes 
from the bottom of the unit. : 

Vertical position is provided by a voltage 
at the arm of the potentiometer coupled to 
the vertical drive mechanism. Horizontal 
position is indicated only when the horizontal 
gear is stationary at one of the incremental] 
horizontal positions. Each discrete horizontal] 
position connects to a point on a voltage 
divider network to provide a different voltage, 
The separate horizontal and vertical voltages 
are transmitted to the control panel of the 
electronic unit through the interconnecting 
cable. The two position-indicating voltage: 
are then added to provide a distinctive positior 
indication. Recorded radial distance anc 
position data are shown in figure 9. 


Electronic unit 


The electronic unit is housed in a water 
tight case and comprises a power module 
transmitter module, receiver/ecomputer mod 
ule, display/test module, and a control pane 
for the mechanical unit. A complete bloe} 
diagram of the instrument is shown in figure 9 


The power module contains two 24-vol 
hatteries and recharging circuits. Starting wit! 
fully charged batteries, the electronic unit may 
be operated for 24 hours if the positionin; 
mechanism is not operated. Operating th 
positioning mechanism of the mechanical uni 
once every 10 minutes reduces the operatin 
time to 8 hours. 


The transmitter module contains a voltag 
regulator printed circuit board and a trans 
mitter panel control board. The voltag 
regulator board provides regulated voltage 
plus and minus 15 volts, for the operation: 
amplifiers in the computer circuit and cor 
nects to the power switch on the front pane 
The transmitter circuit consists of a unijunc 
tion oscillator, a clock flip-flop, a gated 20 
kHz oscillator, a voltage amplifier, a powé¢ 
amplifier, and an output transformer. TI 
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Figure 7.—Directivity pattern of 7-i 
transducer. 
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utput voltage to the transducer is approxi- 
nately 100 volts peak-to-peak. 

The clock repetition rate is controlled by 
he position of the range switch on the front 
anel of the receiver computer module. The 
ate is changed from a maximum of 30 pulses 


“igure 8.—Mechanical unit mounted on 
pier track. 
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per second for the 100-foot position, to 6 
pulses per second for the 150-foot position. 
The design requires that the round-trip time 
for a signal pulse be less than one-half the 
clock period. The round-trip time for this 
instrument is approximately 62 milliseconds, 
and the one-half clock period is approximately 
80 milliseconds. 

The receiver/ecomputer module contains the 
receiver printed circuit board, the computer 
printed circuit board, and the operating 
controls. The receiver circuit consists of an 
RF section, detector, and video amplifier. 
Included on the receiver panel control board 
is a gating circuit that makes it possible to 
eliminate all received signals originating at a 
distance less than the desired target distance. 
This circuit enables the operator to eliminate 
a large part of any undesirable output. The 
output of the receiver panel control board is a 
pulse which is equal in duration to the time 
required for the ultrasonic signal to travel 
from the transducer to the target and back 
again. The pulse is generated by a bestable 
multivibrator, which is turned on by the 
transmitted pulse and turned off by the first 
echo received through the receiver and gate 
circuits. 

The computer consists of a ramp generator 
and a sample-hold circuit with appropriate 
switching and resetting circuits. The pulse 
from the receiver is clipped to a constant 
amplitude by a voltage reference diode and 
coupled to the ramp generator input. During 
the time that the pulse is present, the output 
voltage at the operational amplifier increases 
linearly. When the pulse ends, the voltage at 
the ramp generator output remains constant 
until the end of the first half of the clock 


eg} ————_—$§_——— CHART MOVEMENT 


10° VERTICAL 


a 


+ 90° 
+ 60° 
+ 30° 

0° 
- 30° 
- 60° 
-90° 
-120° 


square wave. The second half of the clock 
Square wave resets the ramp generator and 
holds it in the reset condition until the start of 
the next clock cycle. Immediately after the 
input pulse ends, a sample pulse is generated. 


This sample pulse is approximately 2 milli- 
seconds in length and connects the ramp 
generator output to the sample-hold input 


for the duration of the pulse. During the short 
time that the sample pulse is on the sample- 
hold, the output voltage is the same as the 
ramp generator voltage at the input. Between 
sampling pulses, the sample-hold circuit holds 
the last voltage value seen at its input during 
the sampling pulse time. 

The output of the sample-hold operational 
amplifier is the output of the instrument. 
Thus, the output is basically a d.c. signal 
that changes only when the distance to the 
target changes. An important feature of the 
instrument is that if the return 
momentarily lost (because of sediment, etc.), 
the output signal will drop toward zero rather 
than indicate full scale. 

The display/test module contains a 2-inch 
oscilloscope; a d.c. to a.c. inverter to provide 
power for the oscilloscope; signal connections 
from the clock, transmitter, and 
computer boards; and a switch for the oscillo- 
scope display. Although the module was in- 
tended to be used during normal operation, it 
was found that the high 
square wave caused too much 
when the sensitivity control was turned to a 
practical level. However, the test function of 
the module is useful for troubleshooting and 
checking the operation of the critical circuits. 
The transmitter pulse, clock square wave, 
time pulse, and ramp generator output signals 
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Figure 9.—Block diagram of complete ultrasonic scour meter. 
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Figure 10.—Strip-chart recording of depth and position information. 


are all switch selectable on the panel of the 
module. 

The control panel connects to the mechan- 
ical unit to provide input voltage and output 
range and position signals. Output connectors 
provide a signal consisting of the two position 
signals added together as shown in figure 10. 
The push button for starting the sequence is 
located on the control panel. A push button 
and output jack, also on the control panel, 
provide remote marking capabilities. 


Output signal and recording 


The output signal, indicating depth, is a 
slowly varying d.c. voltage with a very low im- 
pedance. Although the basic instrument does 
not include a recording device, this output 
permits the use of a wide variety of recorders 
without adversely affecting the linearity of 
the instrument. The only restriction is that 
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RECEIVER/COMPUTER MODULE 


the recorder should require an input current 
of less than 1 milliampere. Currents in excess 
of this will not damage the equipment but 
will reduce its accuracy. Thus, any recorder 
used should have a minimum input resistance 
of 10 kilohms. 

For most applications a two-channel recorder 
would be desirable—one channel to record 
depth as a voltage level and another channel 
to record position information. On all ranges, 
as selected by the RANGE switch on the 
instrument, full scale accuracy and linearity 
is better than 1 percent. For applications in 
which data are to be recorded for future proc- 
essing by computers, a digital voltmeter that 





provides a digital output can be used to 
advantage. The output signals from the 


digital voltmeter may be recorded for later 
processing using a tape recorder or a paper 
tape punch machine. 











Instrument Utilization 


















The instrument described in this article 4} 
designed to obtain detailed scour data 
research purposes. It will be used as a part} 
a large scale effort to collect data on 
many factors that influence the local se} 
process. 

The concept and basic instrument des! 
could, however, be adapted for use in insp 
tion or maintenance operations. In such appl 
tions, some reduction in accuracy and de 
could be tolerated, and a less sophistica 
design used. The mechanical unit deseri 
here must be complex to provide the la 
number of data points necessary to obtai 
detailed scour-hole map. However, by reduc 
the number of data points to several i 


(Continued on p. 108) 
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highways and traffic control devices. 





Introduction 


N a simple 2-lane rural highway, the 
\| driver of an automobile must often over- 
lake and pass a car ahead to maintain a 
Jeasonable speed of travel. Even though the 
lriver is the essential element upon whose 
st the safety of passing performance 
epends, little is known about his decision 
rrocesses. 

To overtake and pass another vehicle, the 
' \river must carry out the passing maneuver 
- 1 the time and space available. Accordingly, 
he maneuver can be analyzed in terms of 
our basic quantities: 

*a is gap time or distance separating the 
vertaken vehicle and the vehicle in the op- 
sosing lane. 

® a’ is the driver’s estimate of gap available. 
* 8 is the time or distance required by the 
viver-car combination to perform the 
laneuver. 
, ©’ is the driver’s estimate of time or 
istance required to perform the maneuver. 
\\ "he two prime quantities involve psychological 
i haraeteristics which are distinguished from 
i |hysieal variables. 
‘1/ The driver’s judgment in overtaking and 
assing involves a comparison of a’ and 8’. 
i@f the outcome is favorable, that is, the gap 
iif !vailable, a, is judged to be longer than the 
y istance required, 6, with adequate safety 
\hargin, the driver will accept the gap. If 
i /ot, he will reject it and wait for a longer gap. 
si Vith practice, the driver is able to make the 
:i/ap decision rapidly. 
yi Lhe @8 concept also applies to the driver’s 
ig OP judgments in merging, in passing an 
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RESEARCH AND DEVELOPMENT 


rivers Decisions 
in Overtaking and Passing 


The research reported in this article was concerned with how well drivers can 
judge the distance they require to overtake and pass another vehicle on the 
roadway. An experiment in which 20 drivers made estimates of overtaking and 
passing distances in their own car and in a Government car, at speeds of 18, 30, 
and 50 miles per hour, was carried out on an airplane runway. It was found that 
drivers are unable to estimate overtaking distances accurately, but rather tend 
to make dangerous underestimates, particularly when the car in front is moving 
rapidly. Applications of the research results are suggested for the design of 


intersection, and in other driving decisions 
as well. When the driver makes a U-turn, 
the width of the road, a, is related to the 
turning radius of the car, 8. In parking, the 
driver compares the parking space, a, with 
the width of the car plus the room required 
to open the doors, B. 

Both a and 6 are measured in physical 
units of time and distance. Subjective quanti- 
ties, vw’ and @’, are also measured in physical 
units, and they may be obtained through 
psychological experimentation. Silver and 
Bloom measured gap size, a’, by asking drivers 
to indicate the distance when an opposing 
car was just 12 seconds away (1).? 6’ can be 
measured by having the driver indicate the 


minimum distance at which he can just 
perform the maneuver. Whether time or 


distance is used to measure the gap depends 
on the application. Time is the usual measure 
of intersection gaps (2, 3), but both have 
been used in overtaking studies (1, 4). 


Previous Research 


The literature on overtaking and passing 
has been reviewed by Farber and Silver (4). 
Early studies were concerned mainly with 
establishing performance norms for traffic 
control. Matson and Forbes (6) and Prisk (7) 
give figures on overtaking distance when the 
pass was started at the same speed as the 
car ahead (accelerative pass) and when the 
following car had an initial speed advantage 
(flying pass). A distinction is also made 
between voluntary (unhurried) returns to 
lane and those in which the overtaking car 
was forced to return by the oncoming car. 


2 The italic numbers in parentheses identify the references 
listed on page 101. 


Reported by DONALD A. GORDON and 
TRUMAN M. MAST, ! 

Research Psychologists, 

Traffic Systems Division 
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The first psychological study of overtaking 
and passing was made by A. Crawford (4). 
Crawford thought of overtaking and passing 
judgments as psychophysical, and he carried 
out controlled experiments in wh‘ch accepted 
gap distance, overtaking, and safety dis- 
tances were measured. He also carried out 
a validating highway study in which over- 
taking vehicles were observed from the window 
of a light van. Crawford’s findings on over- 
taking performance and safety distance will 
be discussed under Results. 

Silver and Bloom showed that the driver 
could not make accurate a judgments. They 
instructed the driver to indicate when an 
oncoming car was just 12 seconds away, 
simulating a 12-second passing time, 8. With- 
out specific knowledge of the speed of the 
oncoming car, drivers gave their passing 
judgments at the same distance; but when 
they were told the speed of the oncoming car, 
they gave improved estimates of the 12- 
second-gap passing distance. Rockwell and 
Snider recently showed that the driver does 
make a limited use of oncoming car speed in 
making @ estimates (9). The study reported 
here may be considered the converse of the 
Silver and Bloom study—a characteristics 
were simplified and standardized to test 
drivers’ abilities to estimate B. 

The need to consider the a and 6 character- 
istics of the overtaking decision was illustrated 
in a study conducted by Jones and Heimstra 
(8) in which drivers were told to indicate the 
last moment they could safely pass a lead car 
and avoid hitting an oncoming car. The 
drivers indicated the time, but did not actu- 
ally pass. At the lead ear speed of 60 m.p.-h., 
83 out of 190 judgments made during the 
study were shown to be unsafe: that is, the 
actual passing maneuver would have required 
more time than drivers gave it. The time 
required for the maneuver was determined in 
preliminary passing trials in which there was 
no opposing vehicle. Although Jones and 
Heimstra showed overtaking to be unsafe, 
their study does not tell whether drivers’ 
errors were caused by the inability to assess 
the gap, a, by failing to estimate vehicular 
passing capability, 8, or by both difficulties. 


Research Reported Here 


The research reported in this article was 
concerned with how well drivers can judge 
the distance they require to overtake and pass 
another vehicle on the roadway. Their esti- 
mations were simplified by terminating the 
maneuver at a fixed point along the road 
rather than by the passing of an oncoming 
car. In this way, errors in assessing the situa- 
tion (@ errors) were minimized. The drivers 
made the estimations in their own cars, and 
in another phase of the research, in a Govern- 
ment vehicle. These conditions indicate not 
only individual differences in performance, but 
also the effects of an unfamiliar vehicle, 


Experimental track 


The studies were carried out on the runway 
of the Beltsville Airport. (See fig-s1\) AP12- 
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Figure 2.—Performance studies, overtaking 


foot length of 2-inch reflectorized tape was 
placed across the driver’s path, 1,500 feet from 
the start of the runway; another was placed 
1,000 feet farther down the runway. The strips 
indicated to the driver the terminal position 
of the estimation trials and the starting posi- 
tion for performance trials. Each strip was 
made more conspicuous by a 12” < 14” white 
box positioned at the left margin. A numbered 
scale was laid out on the right edge of the 
runway. 


Vehicles 


In the first phase of the study, drivers oper- 
ated a 1965 Government six-cylinder, 145- 
horsepower Plymouth sedan with which they 
were unfamiliar; in the second phase they used 
their own cars. No attempt was made to in- 
fluence selection of the vehicles. All cars com- 
pleted the tests except a 1959 Volkswagen, 
which could not overtake and pass another 
vehicle at 50 m.p.h. in the runway length. 
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and passing distances. 


The marking pistol 

Positions on the runway where overtaki 
and passing occurred were indicated by 
marking pistol (American Automobile Assoe) 
tion detonator) attached to the rear bume 
of each car. When the driver pressed a butte 
a solenoid release mechanism fired a shell ce 
taining yellow chalk at the runway. When t 
subject’s vehicle did not have the 12-volt b; 
tery needed to activate the solenoid, the « 
perimenter dropped a cloth marker to indice: 
runway position. 
Drivers 

The 20 drivers who served as experimen 
subjects were employees from neighbori 
university and U.S. Government offie 
Drivers in the first phase included four ma 
and seven females with ages from 20 to 
years, and driving experience from 3 to 
years; the median age was 23 years and 1 
median driving experience was 7 years. The 
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the second phase included eight males and 
o females with ages from 1814 to 46 years and 
riving experience from 2% to 26 years; the 
nedian age was 2044 years and the median 
riving experience was 444 years. Drivers 
erved 4 hours each and were paid $2 an 
,our for their work. 









Method and Procedure 


The overtaking and passing observations 
vere part of a series of tests that also included 
raking and U-turns. The overtaking and 
vassing procedure is described here. 


’reliminary practice 


Drivers drove to the end of the runway and 
ack, twice, to familiarize themselves with 
he Government vehicle. Familiarization was 
liminated in the second phase when drivers 
ised their own cars. 


Ivertaking and passing estimations 


Drivers followed the test car at a distance 
f 55 feet. They were instructed as follows: 
‘You will follow the car ahead and think of 
vassing it. When you come to the closest point 
o the line where you can still pass, using 
aaximum acceleration of the car, indicate the 
pot by pushing the button.” The distance 
etween the lead car and subject car was 
aaintained by the experimenter’s instructions 
o slow down or speed up. The experimenter 
|) lined a taped spot on the windshield with the 
ood and rear bumper of the lead car to 
aaintain the 55-foot distance. The speeds of 
\8, 30, and 50 m.p.h. were controlled by the 
-lriver of the lead vehicle. An experimenter 

tationed on the runway recorded the data. 
_\fter each observation, the marking pistol was 
_ploaded, and the lead and experimental cars 
i riven to the starting point for the beginning 
§) f the next run. 





Wertaking and passing performance 


Performance trials were made after comple- 
‘on of the estimations. The driver followed 
he lead ear at the scheduled pace. Instructions 
‘rere as follows: “Follow the car ahead at the 
jistance I tell you. When you get to the line, 
vertake and pass the car ahead, as fast as 
ou can, and come back into the lane. Be sure 
,/ OU Swing back into the lane.”’ When the car 
, ‘a8 fully back in lane the experimenter in the 





test car pushed the pistol button. The experi- 
menter on the runway then recorded the 
position of the chalk mark. 

Three series of tests were run for both the 
estimation trials and the performance trials, 
the first series in each being a practice series. 
In each series, observations were made at 
speeds of 18 m.p.h.,30 m.p.h.,and 50 m.p.h. 
Estimation trials followed each other without 
interruption, as did the later performance 
trials. The entire work was completed in a 
half-day, after which the driver was paid and 
dismissed. 

Results 


Performance 6 


Performance results are given in table 1. 
Standard deviations are maximum likelihood 
estimates. The variable error in the table 
is the mean deviation from the average of the 
two performances by each driver at each 
speed. Results are presented in graphical 
form in figure 2. Each point in the figure for 
Government car and own car represents the 
average of 20 observations. The zero point of 
106 feet is the minimum distance required to 
pass a vehicle parked 55 feet in front of the 
starting line. The Matson and Forbes, Prisk, 
and Crawford data were presented for com- 
parison. 

The performance curves indicate that as 
speed increases, passing distance also increases 
but at an increasing rate. The least squares 
fit to the own car data is: 


D=112.2+15.2 V+.093 V? 
Where 


D= overtaking distance in feet 
V=velocity in miles per hour 


Performance of drivers using the Govern- 
ment car does not differ significantly from 
that of drivers using their own vehicles. The 
Matson and Forbes data points fall close to 
the Government car curve; the Prisk data 
have the same general form, but distances 
are about 100 feet less. Matson and Forbes and 
Prisk defined passing distance as car travel 
in the left lane, which is shorter than the 
passing distance defined here—from initial 
driver reaction to return to lane. Crawford’s 
curves show still shorter distances, which 
perhaps is explained by his use of trained 
drivers and by other procedural differences. 
A complete analysis of these performance 
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Figure 3.—Performance, overtaking and 


passing distances—Government car. 


curves would consider vehicular accelerations 
at various speeds, the driver’s willingness to 
use accelerative capacity of the car, and the 
driver’s varying requirements for safety 
distance. 

Drivers differ in their ability to pass, as 
indicated by the distributions plotted in 
figures 3 and 4. (See also standard deviations 
in table 1.) These differences evident 
even when drivers used the 
ment car. At 18 miles per hour, driver AR 
overtook in 284 feet, but driver GR required 
455 feet. At 30 and 50 miles per hour, vari- 
ability was larger than at 18 miles per hour. 
Some causes of these individual differences 
have been pointed out above. Drivers differ 
in reaction time, in willingness to use maxi- 
mum acceleration of the vehicle, in safety 
distance requirements, and in the paths they 
take in returning to lane at the end of the 
maneuver. 

The vehicle driven had effect on 
passing distance than the driver who per- 
formed the maneuver. Variance in the own- 
car condition was significantly larger than in 
the Government-car condition in which the 
same automobile was used (f-test, .05 level, 
all speeds). Residual variance of own car 
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Figure 4.—Performance, overtaking and 


passing distances—drivers’ cars. 


minus Government car is larger than Govern- 
ment car variance at all speeds. These vari- 
ance calculations involve squared standard 


deviations of overtaking and passing per- 
formance in table 1. The importance of 


vehicular effects can also be seen in the in- 
dividual records. The difference in perform- 
ance between the highest powered car, driven 
by a 46-year-old woman, and the minimum 
powered car, driven by a 19-year-old boy, was 
larger than any set of driver differences on the 
same (Government) vehicle. These vehicular 
and individual differences relate to the groups 
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Table 2.—Errors, overtaking and passing estimation 
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studied and do not necessarily apply to the 
universe of cars and drivers on the road. 


Drivers’ errors 


The errors made by drivers are analyzed in 
table 2. Constant error, listed for each speed, 
is the difference between each estimate and 
the mean of the two performances by the 
driver at that speed, averaged over all the 
drivers. Variable error is the deviation of each 
driver’s constant error from his mean constant 
error, averaged over all the drivers. The 
underestimation errors occur when the con- 
stant error is negative. Frequency distribu- 
tions of errors made in the Government and 
own ear are plotted in figures 5 and 6. Each 
chart includes the 20 errors made at a particu- 
lar speed. 

According to the constant-error data in 
table 2 and the charts in figures 5 and 6, 
drivers are not able to estimate passing 
distance accurately. Constant error varies 
from about a fifth to a half of actual over- 
taking distance (table 2), and exceeds variable 
error at all speeds at the 0.01 significance 


level. It seems that drivers estimate their 
overtaking performance consistently but 
erroneously. 


Drivers predict their overtaking perform- 
ance better in their own cars than in an 
unfamiliar (Government) car, according to 
the constant error data, table 2. Errors in 
own car are significantly smaller than in the 
unfamiliar car (.05 sig. level, Fisher combina- 
tion of experiments statistic, (10)). This 
finding implies that estimating vehicular 
performance, 6’, may be a learned aspect of 
driving skill. The finding also suggests that 
the driver’s 
for braking, 
ing, may be 
effectiveness. 


ability to estimate requirements 
U-turns, parking, and car follow- 
a useful measure of his skill and 

Little is known the 
nature of driving skills. 


about 


Negative estimating errors involving under- 
estimation of maneuver distance are danger- 
ous. Negative errors occur at all speeds, but 
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are particularly frequent at high spee¢ 
(See table 2 and figs. 5 and 6.) At 50 mil 
per hour, 60 percent of Government-¢ 
estimates and 78 percent own-car estimat! 
would have been dangerous in the operatior 
situation. The finding that underestimati 
is most frequent at high speeds, whe 
accidents are most serious, is in close agre 
ment with Crawford’s results. (See table 4) 
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Figure 5.—Estimation errors in overtak 
and passing—Government cars. 
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‘igure 6.—Estimation errors in overtaking 
and passing—drivers’ cars. 
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Driver’s errors and underestimations in 
vertaking and passing may perhaps’ be 
xplained by the difficulty of the judgment. 
'vertaking distance varies in proportion to 
ceed, and there are as many overtaking dis- 
meces as vehicular speeds. The driver cannot 
erform by simply learning a fixed distance, as 
light be the case in U-turns, or parking. The 
nderlying speeds, accelerations, and distances 
ire themselves subject to estimation error. For 
sample, at 50 miles per hour, overtaking 
quires about 1,000 feet. An opposing vehicle, 
ming towards the driver at the same speed, 
ould be twice as far away when the decision 
jas made. The driver cannot be expected to 
ake precise spatial judgments at such large 
stances, 


1 ta 


he 


4 








The precise cause of underestimations at 
gh-speeds is not known. One explanation 
ight be that the driver is not fully aware of 
Ww performance requirements, $8, increase 
ith speed, and he may continue to act as he 
d at slower speeds. Whatever its cause, 
gh-speed underestimation remains a perti- 
nt fact that highway engineers must contend 
ith in dealing with the overtaking and passing 
aneuver. 












Nonetheless, overtaking and passing acci- 
mts are not very frequent, and this fact 
rhaps requires explanation. Several safety 
ul! fetors are inherent in the situation to aid the 
ys Gver. The driver may avoid danger by not 


jo FIBLIC ROADS © Vol. 35, No. 4 
p, 


passing at high speeds, and he may insist on 
an adequate safety distance. If a wrong deci- 
sion is made, he may drop back into his lane, 
and the overtaken and oncoming cars may 
slow down and move to the shoulder. Traffic 
controls such as passing zones and signs also 
aid the driver. 


Summary 


In the study reported, driver’s estimations 
of overtaking and passing distance were com- 
pared with actual overtaking and passing 
distance. An experiment, in which drivers 
made estimates in their own (familiar) car and 
in a Government (unfamiliar) car at speeds of 
18, 30, and 50 miles per hour, was carried out 
on an airplane runway. On the basis of the 
results, the following conclusions are reached: 


e Drivers are unable to estimate overtaking 
and passing distances accurately. Mean error 
ranges from 20 to 52 percent of performance 
distance. Significantly larger errors are made 
in an unfamiliar car than in the driver’s own 
vehicle. 


¢ Negative errors of underestimation, where 
the maneuver required more space than 
judged, increase with speed. At 50 miles per 
hour, 60 percent of the estimates made by 
drivers in the Government car and 78 percent 
of those made in drivers’ own cars are under- 
estimations. 

@ Overtaking and passing requires pro- 
portionally more distance as lead-car speed 
increases. The curve relating overtaking and 
passing distance to lead-car speed is well fitted 
by a second degree equation. These results 
are in agreement with those of previous in- 
vestigators. 

e Vehicular differences affected passing 
distance more than did driver variance in the 
groups studied. 

e It is suggested that the driver’s decisions 
in overtaking and passing can be studied in 
terms of four basic quantities: a, the gap time 
or distance available for overtaking and pass- 
ing; a’, the driver’s estimate of gap available; 
8, the time and distance required by the driver 
to perform the maneuver, and £8’, the driver’s 
estimate of time or distance required. 


Applications 


The finding that the driver is unable to esti- 
mate accurately his overtaking and passing re- 
quirements and that underestimations are fre- 
quent at high speeds implies that the over- 
taking and passing maneuver requires guidance. 
Possible aids that can be given to the driver 
are as follows: 

e Passing areas, and no passing signs— 
traditional aids to overtaking and passing. 

e Speed limits and other speed regulation, 
particularly in passing zones, 

e Driver education emphasizing no passing 
at high speeds and cooperation with overtaking 
drivers. 


e Road design modifications such as wibe 
shoulders and addition of lanes. 

e Traffic planning to minimize use of 2-lane 
rural roads. 

e Electronic devices to inform the driver 
when it is safe to pass. Such devices are cur- 
rently under development in the Traffic Sys- 
tems Division, Office of Research and Develop- 
ment, Bureau of Public Roads (11). 

The a8 concept provides a theoretical frame- 
work that may be useful in studying driver 
decisions in intersection and merging gap ac- 
ceptance, and in such maneuvers as U-turns, 
braking, parking, and ear following. The 8’ 6 
comparison may be useful as a measure of 
driving effectiveness in the study of learning 
and driving performance. 
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Effective and efficient highway mainte- 
nance is the objective of highway manage- 
ment research—one of the important facets 
of the Bureau of Public Roads’ national 
program for research and development in 


highway transportation. 


Bratrice OFEIGESOE 
RESEARCH AND DEVELOPMENT 
BUREAU OF PUBLIC ROADS 


Highway Maintenance 
Management Research—An O 


Introduction 


URING the past 50 highway 
maintenance management in the United 
States has experienced many changes. Most 
of them transpired through a process of 
gradual evolution and were based on intuition 
and pragmatic considerations, rather than on 
factual knowledge and scientific management 
principles. This process proved to be reason- 
ably satisfactory between 1920 and 1949. 
Most maintenance organizations were satisfied 
with the status of their management and had 
no real reason to adopt a more sophisticated 
procedure. Therefore, it is not surprising to 
that maintenance management re- 
search was of little consequence during these 
years. Studies were few in number, limited in 
scope, and uncoordinated. Most of them were 
earried out informally, making it difficult to 


years, 


discover 


1 Presented at the Maintenance Management Workshop, 
Highway Research Board, Ohio State University, Columbus 
Ohio. 
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even document their existence. It would 
definitely be misleading to say that these 
efforts had a significant impact or that they 
constituted any kind of research program. 


Beginning of Organized Highway 


Maintenance Management Research 


In June 1950, an event signaled the begin- 
ning of an organized, formal maintenance 
management research program in the United 
States. The event was the initiation of the 
Connecticut Maintenance Study—a joint ven- 
ture of the Bureau of Public Roads and the 
Connecticut State Highway Department. The 
objectives of the study were to develop basic 
facts concerning the performance of labor and 
equipment on field operations and to appraise 
management problems. Study results indicated 
that there were deficiencies and problems as- 
sociated with field operations and there was a 
need for continued research. Prophetically, 
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the report stated: ‘‘The further developm! 
and extension of the groundwork ene 
passed by this study can lead to the establ! 
ment of units of work and standards' 
maintenance accomplishments, thus mall 
possible the estimation of labor and equipn! 
requirements to perform the maintens! 
obligation in a particular area under cer 
given conditions.” | 

The maintenance research program 1 
tinued during the 8 years that followed 
Connecticut Study, primarily because 
Bureau of Public Roads retained an inte 
in it. About 20 small-scale studies were 
ducted on the field operations of State m 
tenance organizations. Results were not 
tensive enough to fully delineate manager 
problems, but they did serve to verify 
hypotheses: (1) Results of the Conneet 
Study provided a good view of the situa 
in other States, and (2) many manager 
problems were similar, varying only in de 
from organization to organization. rs 
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lyhen the Bureau of Public Roads joined the 
\lowa State Highway Commission to conduct 
‘h study that was considerably larger in scope 
*jhan the one in Connecticut. The Iowa 
tnaintenance study was primarily designed 


ent to control and improve the economy of 
naintenance operations. It included collection 
}f basic data concerning the performance of 
abor and equipment on field operations, 
H variations in total workloads and werk units, 
|ttilization of supervisory personnel, and other 
j|spects of maintenance management. Con- 
iderable emphasis was placed on data analysis 
9 pinpoint problems and develop possible 
jolutions. In a few operations, proposed 
ws jolutions were tested for practicality. 

| The Iowa Study received considerable pub- 
city during 1960 and 1961. Its findings were 
jecepted by many maintenance managers as 
p dicative of the situation in their own orga- 
izations. At approximately the same time, 
ther forces began operating to change man- 
gers’ attitudes toward management and 
lanagement research. 


| Maintenance Problems Promote 
Research 


| Between 1960 and 1967, maintenance 
rganizations in this country were subjected 
9a number of external pressures that caused 
evere internal stresses. Among the most 
itense pressures were those due to: 


3° Addition of new facilities on the Inter- 
vate and other systems. 


 @ Public demands 


-iaintenance. 


| ¢ Rapid changes in the technology of 


ighway design, materials, and equipment. 


for higher levels of 


op | ¢ A labor market which could not supply 
cit" adequate number of qualified personnel. 
Ay ¢ Constrictions on maintenance budgets 
ii P make the maximum amount of funds 
-vailable for badly needed _ construction 
’ tojects. 
the fiseal 
highway 


*® Campaigns to 
i! od administrative 
© ‘ganizations. 

7 he type of management that had been 
,, jlerated for many years simply was not 
_ ole to cope with the stresses induced by 
“Nese pressures. Problems multiplied and 
a amagers became painfully aware of what 
“as happening. Many concluded that their 
‘ganization’s management was deficient and 
_ seded improvement. As attitudes toward 
4 anagement changed, there was increased 
8 ‘terest in all kinds of management research. 
the . organized, formal program expanded 
msiderably between 1960 and 1967, with 
udies covering a wide variety of subjects. 


Three studies which related to costs for 
aintaining specific types of roads were con- 
ieted in Louisiana. These studies were aimed 
developing a procedure for estimating costs 
rough the use of mathematical regression 
odels based on historical fiscal records. An 
aho study had a similar objective and used a 


tighten up 
control of 
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like procedure. The Oklahoma Department of 
Highways also carried out a study of mainte- 
nance costs for specific types of roads. They 
used a technique that considered both his- 
torical fiscal data and deterioration ratings for 
selected test sections. 

A major study of maintenance costs, con- 
ducted for the National Cooperative Highway 
Research Program, was primarily directed 
toward developing a method of predicting 
Interstate highway maintenance requirements. 
The technique used was similar to those for 
the aforementioned State studies. Cost data 
from selected test sections across the nation 
were analyzed to develop mathematical models 
for seven groups of maintenance activities that 
could be used to predict requirement units. A 
secondary objective of the study was to 
develop a new maintenance expenditure index. 

Three research studies were conducted on 
roadside activites. In Louisiana, the State 
University identified optimum equipment and 
work methods for mowing highway roadsides. 
In Indiana, the Highway Commission em- 
phasized development of comparative costs 
for different types of roadsides and mowing 
methods. In Ohio, the State University identi- 
fied the most effective means of caring for 
Interstate roadsides. 

In Illinois, New Jersey, New York, and 
Wisconsin, a series of studies was conducted 
for State Highway Departments and Toll 
Road Authorities. The studies were designed 
to establish long range requirements for major 
maintenance on high type facilities. In con- 
junction with detailed field inspection of 
facilities, they utilized new techniques for 
predicting pavement deterioration. 

The objective of a major study in Los 
Angeles was to develop a program that would 
improve the planning, directing, and con- 
trolling of labor and equipment assigned to 
various field activities. An important feature 
of this study was the use of the industrial 
engineering technique, Methods-Time Meas- 
urement, to analyze each activity and to de- 
velop standards for work methods and 
performance. A similar project took place in 
San Diego County. 

A Minnesota study utilized industrial 
engineering techniques to develop improved 
work methods, establish performance stand- 
ards, and improve the maintenance reporting 
system. A smaller, but similar study was 
conducted in New Jersey. 

The largest single study was carried out 
by the Virginia Department of Highways. 
This effort lasted 3 years and was designed 
to cover nearly every major aspect of mainte- 
nance management. It involved the collec- 
tion of data concerning performance of labor 
and equipment, development and testing of 
improved work methods; establishment of 
quality, quantity, and performance stand- 
ards; development and testing of a new report- 
ing system; development and testing of a 
budgeting system; development and testing 
of training material; and work in several 
other areas. 

The cited studies were started, and essen- 
tially completed, during the 8-year period 
ending in June 1968. They indicate the extent 


and scope of activities during this period but 
do not account for the entire research pro- 
gram. Nine other studies, started between 
1960 and 1967, were not included because 
they are still active and will be deseribed 
later. A few other studies have been omitted 
here because of their limited scope. 

One other aspect of the completed studies 
deserves mention. More 


than half were 
funded through the Federal-aid Highway 
Planning Research Program (HP&R). This 


program provides for joint State-Federal 
financing of research in areas that have a 
significant influence on highway transporta- 
tion in the United States. For many years, 
maintenance management has been recognized 
as one of these research areas. In 1964, this 
position was emphasized when a project for 
maintenance operations and management was 
included in the 27 top priority projects of the 
Bureau of Public Roads National Program for 


Research and Development in Highway 
Transportation. Partly as a result of this 


emphasis, annual Federal-aid expenditures in 
the maintenance area have more than doubled 
in the last 5 years. 


Current Maintenance Research 
Program 


Currently, the maintenance management 
research program includes 13 fully 
studies. Eleven of these are being financed 
through the Federal-aid HPR program. Their 
estimated total cost is more than $2 million, 
and annual expenditures are about $700,000. 
The other two studies are financed entirely 
with State funds. Their estimated total cost 
is more than $500,000, and annual expendi- 
tures are about $150,000. The nature and scope 
of these studies vary considerably; six can be 
classified as comprehensive because they cover 
several aspects of maintenance management, 
five deal with the equipment and methods for 
specific activities, and two are concerned with 
costs. Summaries of pertinent facts about each 
study are presented in table 1. Other current 
informal research efforts, such as those under- 
way in Illinois, New Jersey, and New York, 
may ultimately become a part of the formal 
program. 

Some of the significant results that have ema- 
nated from these efforts are as follows: 

e The research has clearly demonstrated 
that in most highway maintenance organiza- 
tions management is beset by a number of 
problems including inadequate factual data 
concerning field activities; nonuniform stand- 
ards or a lack of standards; ineffective pro- 
cedures for planning and scheduling work; 
widely varying quality, productivity, and unit 
costs for field activities; ineffectual means of 
comparing actual and desired quality, service, 
level, and unit cost for maintenance activities; 
lack of a reliable means to forecast long range 
maintenance requirements; lack of a means to 
evaluate alternative policies; and shortage of 
trained personnel. 


active 


e New systems of maintenance field re- 
porting have been developed and _ proven 
capable of supplying the kind of information 
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Table 1.—Summary of current maintenance management research studies 


Objectives 











Study title Agency Estimated Period 
Cost 
Dollars 
. ly 1967- 
Maintenance practices____.___._-.__---- Ark. State Highway Department (HP&R) !1__--| 169, 000 aie 1972 
: Sept. 1965- 
Maintenance management._____.._-___- La. Department of Highways (HP&R) !.-_----- 575, 000 Fahy 1969 
P ; + ay ck Fre ete Re Fe > 1 959 July 1966- 
Comprehensive maintenance___-_-_---- | N.C. State Highway Commission (HP&R) !...-| 220, 000 Dee. 1972 
Highway mainten: t._..| S. Dak. Department of Highways 300,000 | July 1968- 
ighway maintenance management. -. - a epartment o ShWAYS.4.2 = 2552205558 , Oct. 1970 
Maintenance management_-_______-___-. Utah State Road Commission (HP«& R) !__----- 285, 000 ae Oe 
| 
( fen, 
Maintenance improvement program__-.| Wash. State Highway Commission--_-----.----- | 250, 000 suly teoy 
Dec. 1968 
Tunnel cleaning method_ -___._______--- | Calif. Division of Highways (HP&R) !____-_--_- 117, 000 mete 
» 1972 
Cost effectiveness of antiskid and de- ; é CpG mae > 1 < July 1968- 
icing programs in Pennsylvania. Pa. Department of Highways (HP&R) '---.-.-- 20, 000 June 1970 
Winter maintenance for bituminous ; Tex. Highway Department (HP&R) !___-_----- 36, 000 a es Aaah 
pavements. eet 
Snow removal and ice control tech- " P Sept. 1967— 
niques at interchanges. NCHRP #522. -22-- 202 -2-— +22 2-2 Ja 22 enn enone 50,000 July 1969 
Develop performance budgeting system . 2 ‘ Sept. 1968- 
to serve highway maintenance man- NCHRP ?_____-_-..---------------------------- 250, 000 Oct. 1970 
agement. } 
Maintenance formula application______- | La. Department of Highways (HP&R) 1______-- 60, 000 aNne ac 
; we . ; July 1961- 
s 4775 VA RAG ar 5 ry B 1 ‘a 
Maintenance Cost. s-6 24s tee cen ee <a Ohio Department of Highways (HP&R) 1____-_- | 380, 000 July 1972 











1 HP& R—Highway planning and research project (Federal-aid). 


2NCHRP— 


needed for management, fiscal 


and research purposes. 


accounting, 


e Quality, quantity, and performance stand- 
ards for maintenance activities have been 
developed and proven practical for operational 
use. 

e Techniques for planning and scheduling 
maintenance and 
daily bases have been developed and proven 
practical. 


activities on long range 


e A large fund of data concerning work 
methods, time utilization, and productivity of 
labor and equipment under typical field condi- 
tions has been accumulated and analyzed to 
determine some cause-effect relationships. 


e Procedures for determining optimum 
staffing patterns and work methods have been 


developed. 
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National cooperative highway research program. 


e New equipment and methods have been 
developed and proven practical and economical 


for several maintenance activities. 
e Performance budgeting systems 


for practicality. 


e Procedures and data for forecasting long 
range maintenance requirements have been 


developed and proven useful. 


e Techniques to enable management to 
evaluate alternative policies for investments, 
allocation, staffing, and other aspects 


resource 


of maintenance are being developed. 


e Some materials and procedures for train- 


ing maintenance personnel have 
veloped and tested. 


been 


At the present time it would be unrealistic 
to state that these research results have been 
widely translated into improved management. 
The current attitudes of administrators and 


= the adequacy of the maintenance organization to 


Ea standards for measuring performance of maintenance 


Cente accurate cost data for testing and revising mathe- 





for 
maintenance are being developed and tested 


Evaluate the maintenance accounting system and revise as — 
needed 

Define maintenance standards 

Evaluate existing maintenance practices and develop im= 
proved practices 

Identify training needs; develop and test training material 

Define hed oat and functions for various manage-— 
ment levels 

Evaluate training needs; develop and test training materials _ 

Develop and pilot test a "maintenance work reporting system 

Determine the most effective methods and staffing for main- 
tenance activities 

Establish maintenance standards for quality, quantity, and _ 
productivity 

Develop and test an overall maintenance management system 





















carry out its assigned responsibilities and functions 

Evaluate the present maintenance management system with 
emphasis on reporting 

Determine the relationship between maintenance costs and 
factors such as traffic 

Determine major maintenance operations whose efficiency 
and economy can be improved; develop improved methods, 
ete 

Evaluate maintenance facilities and materials 

Develop and test quality, quantity, and productivity stand- 
ards for maintenance activities 

Develop and test a maintenance work reporting system 

Develop and test a maintenance work scheduling process 

Develop and test a maintenance budgeting process 

Develop a methods and training unit 

Conduct a performance laboratory to test developments 

Establish quality, quantity, and productivity standards for 
maintenance activities 

Develop and test a maintenance work reporting system 

Design, develop, and test an overall maintenance manage- 
ment system 

Evaluate the field organization and resource utilization 

Prepare a plan for improving maintenance performance 


operations 
Establish procedures for maintenance planning and schedul- 


Provide data for improved maintenance budgeting and con- 
trol 

Train maintenance supervisors 

Develop a tunnel cleaning method that is rapid, economical, | 
nonhazardous, and nondestructive 

Study and evaluate existing snow and ice control practices 

Develop improved methods, equipment, and materials for 
snow and ice control 

Evaluate existing practices for winter pavement mainte- 
nance 

Develop improved methods, equipment, and materials for 
winter pavement maintenance 

Identify and evaluate the factors which influence the effi- 
ciency of snow removal and ice control operations at inter- 
changes 

Develop operational systems that will provide for efficient 
snow removal and ice control procedures on interchanges in 
both rural and urban locations 

Develop and test a model highway maintenance budgeting 
system 


matical models to predict maintenance costs 
Determination of reliable maintenance costs 
Determine the influence of major factors which contribute toe 

maintenance costs 
Measurement of the level of maintenance and determination 

of the extent to which deficiencies exist in the current main- 


tenance and operation of the highway system . 
4 
I 


managers have created a favorable climate 
their use, but unfortunately, each maintena 
organization must operate under its own se 
conditions and constraints. Thus, it is usu 
necessary to undertake some additional 
search to adapt results for a particular sil 
tion. This takes time. Still more time is 
quired for actual implementation. Hopefull 
significant number of organizations will & 
begin this process, but it will be at leas 
years before there is a widespread imprt 
ment of maintenance management in 
United States. 

Finally, everyone involved in maintené 
management research needs to recognize ° 
the objective is not simply improved man 
ment. This is only the key that unlocks 
door leading to the ultimate goal—effee 
efficient maintenance for our nation’s b 
ways. 


~~. 
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ag installation and a’ tunnel is usually the 
irtiest part of any highway. 

| To use a maintenance factor in designing 
ghting for tunnels is to admit that no amount 
\f physical maintenance can keep the output 
- f the lighting system up to its initial level. 
- ‘he value of the maintenance factor used 
iidicates the amount of the uncontrollable 
epreciation that is expected and the amount 
f effort that should be devoted to overcome 
ais depreciation. After the maintenance 
rogram js established, the designer can 
etermine an appropriate maintenance factor 
‘or the system. A maintenance factor range 
‘om 0.25 to 0.60 would be typical, depending 
n the proposed maintenance schedule. 


_ pproach roadways 


Current lighting criteria should govern the 
esign of any roadway lighting, and the 
vesence of a tunnel will not necessitate any 
. aange in the criteria. If lighting is not in- 
talled on the approach roadways, a few 
—undred feet of transition lighting leading to 
he from the tunnel may be used. When no 
l) badway lighting exists the night lighting in 
a ne tunnel should be designed to a minimum 
“\eceptable level to avoid abrupt lighting 
a vansitions. 


| For daytime conditions, 


, , the roadway ap- 


-roaching the tunnel can be designed to aid 
i# ne road user’s visibility by reducing the 
., daption level. As the approach to the tunnel 
a ill be either a detriment or an aid to the road 
w ser’s visibility, it is recommended that this 
»» cea have a low reflectance finish, including 


ark portal face and dark pavement surface. 


- 
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THE NATIONAL SYSTEM OF INTERSTATE AND DEFENSE HIGHWAYS faa EN 


\\ if 
IMPROVEMENT STATUS OF SYSTEM MILEAGE AS OF JUNE 30, 1968 















































TABLE I 
PRELIMINARY . 
STATUS OR IMPROVED TO 
ENGINEERING STANDARDS TOTAL STATE 
OR RIGHT-OF- UNDER TOTAL TOLL ADEQUATE FOR DESIGNATED 
CONSTRUCTION UNDERWAY FACILITIES PRESENT SYSTEM 
TRAFFIC MILEAGE 
ALABAMA 
ARIZONA 
ARKANSAS 
CALIFORNIA 
COLORADO 
CONNECTICUT 
DELAWARE 
FLORIDA 


GEORGIA 
HAWAIT 
IDAHO 
ILLINOIS 
















676.4 INDIANA 
502.7 IOWA 
626.0 KANSAS 





KENTUCKY 








LOUISIANA 























1, MAINE 
31 MARYLAND 
51 MASSACHUSETTS 
6h. MICHIGAN 
18. MINNESOTA 
55 MISSISSIPPI 
63. MISSOURI 

Se MONTANA 

0. NEBRASKA 

se NEVADA 


NEW HAMPSHIRE 


NEW JERSEY 
NEW MEX 

NEW YOE 
NORTH CAROLINA 












NORTH DAKOTA 


OREGON 


PENNSYLVANIA 
RHODE ISLAND 
SOUTH CAROLINA 
SOUTH DAKOTA 
















TENNESSEE 
TEXAS 
UTAH 
VERMONT 





VIRGINIA 
WASHINGTON 

WEST VIRGINIA 
WISCONSIN 











WYOMING 
DISTRICT OF COLUMBIA 
3 5 PENDING 


ia ae eee 








ine] 
oO 
= Oo 





36. 






20% 14% 6% 8% 50% 











PRELIMINARY ENGINEERING ADEQUATE Bchartiereieaa. Pane OF 


STATUS OR NOT OR RIGHT-OF-W‘Y PRESENT . 
S ACCEPTABLE STANDARDS 
YET IN PROGRESS IN PROGRESS TRAFFIC iB te 








TOTAL OPEN TO TRAFFIC 


64% 


i/ Public hearings have been held on route location, and location studies are underway on many portions of the mileage in this column. 
2/ Exclude the 17.2 mile Century Freeway (I-105) which was added to the system under the "Howard Bill.” 
3/ Excludes a 10.8 mile increase resulting from a major relocation of I-70, approved July 18, 1968. This increase will reduce 
the miles pending to 25.6 miles. ; 
u/ Excludes the 34.4 mile Trenton-Asbury Park Spur (I-195) which was added to the system under the "Howard Bill" but includes 
that portion of I-278 mileage (7.0) deleted under the same bill. 
5/ Consists of mileage which has not been assigned to any specific route and is a reserve for final measurement of the system. 
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Some Steam Baths Are Not So Hot!— 


Leonard Bean, Materials Division, Bureau of 
Public Roads } 


In many procedures described for inorganic 
analysis, a steam bath is specified for certain 
digestions. For example, in American Society 
for Testing and Materials (ASTM) Designa- 
tion C 114-67, Section 80.1, silica is separated 
from portland cement by digesting a mixture 
of the cement sample with NH,Cl and HCl 
on a steam bath for 30 minutes. 


In recent work at the Public Roads labo- 
ratory, it was made clear that merely specifying 
the use of a steam bath is not sufficient to en- 
sure complete decomposition of the cement 


1 Essentially, this same information appeared in a Letter 
To The Editor, Materials Research and Standards, vol. 8, 
No. 6, June 1968, p. 51, published by the ASTM. 





Ultrasonic Instrument for Determining Local Scour at Bridge Piers 


single plane, and by controlling the transducer 
position through mechanical linkage, the 
complexity and cost of the instrument could 
be substantially reduced. If the mechanical 
unit were simplified, the electronics package 
could also be reduced. A single 12-volt re- 
chargeable power source could be used and 
the display/test module eliminated or replaced 
by a small strip chart recorder. In addition, 
for applications not requiring a high degree 
of bottom definition, a smaller transducer 
could be used. 
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sample and separation of the silica and, thus, 
secure correct results for SiOz, Al,O3, CaO, and 
MgO. 

The Public Roads laboratory was relocated 
recently, and after installation of facilities at 
the new location, an insufficient supply of 
steam was furnished to heat the steam baths. 
Usually, low results were obtained for SiO,.— 
as much as 0.5 percent absolute—and high 
results for Al,O3, CaO and MgO. Under the 
conditions at the newly installed laboratory, 
100 ml. of water in a covered 150-ml. beaker 
on a steam bath could be heated no higher 
than about 63° C. This source of heat was not 
sufficient to decompose a sample of cement 
properly. By modifying the supply of steam, 
sufficient heat was supplied to the water in 
the steam bath to maintain it at a rolling boil. 
Under these conditions, 100 ml. of water in a 
covered 150-ml. beaker could be kept at 83° 


(Continued from p. 96) 


Either the basic research unit or a simplified 
version could be equipped for remote monitor- 
ing operations. 
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to 90° C. Decomposition and dehydration / 
cement by the method cited then ga: 
reasonable values for SiO, in standard samp: 
of cement issued by the National Bureau } 
Standards, as well as reasonable values 1; 
Al,O3, CaO, and MgO. i 


Accordingly, analytical chemists who use) 
steam bath for such separations should 
certain that the heat source (steam, gas, ¢ 
electricity) can maintain the water in the be 
at a rolling boil. 


Furthermore, it is recommended that bod: 
who write specifications for such analyses- 
ASTM, Federal Committees, American As- 
ciation of State Highway Officials, ete.—tap 
cognizance of this possible source of error.\ 
footnote or warning might well be inserted) 
procedures requiring the use of a steam bi 
for decompositions such as the one cited he: 


. 


Federal Highway Administration for their }- 
operation and aid in arranging and conduct g 
the field test program. 
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id Highway Map (42 x 65 inches) (1965). $1.50. 
avi pea and Other Material Relating to High- 


sess. (1959). 60 cents. 

Betas Development, A new concept for joint 
(1966). 15 cents. 

for Trip Generation Analysis (1967). 65 cents. 


‘finance 1921-62 (a statistical review by the Office 

Plat ning, Highway Statistics Division) (1964). 15 cents. 
ay Planning Map Manual (1963). $1.00. 

Planning Technical Reports—Creating, Organizing, and 

Highway Needs Studies (1964). 15 cents, 

Research and Development Studies, Using Federal-Aid 

1d Planning Funds (1967). $1.00. 

tistics (published annually since 1945) : 

1966, $1.25. 

years out of print. ) 

ny Stat istics, Summary to 1965 (1967). $1.25. 

ay Transportation Criteria in Zoning Law and Police 

r an ening Controls for Arterial Streets (1960). 35 


ays to Beauty (1966), 20 cents. 
d Economic and Social Changes (1964). $1.25. 
zine eering Circulars: 


q ; PUBLICATIONS of the Bureau of Febie Roads 





= 
Os PS ers 


No. 10—Capacity Charts for the Hy draulic Design of High- 
way Culverts (1965). 65 cents. 
No. 11—Use of Riprap for Bank Protection (1967). 40 cents. 
Hydraulic Design Series: 
No. 2—Peak Rates of Runoff From Small Watersheds (1961). 


30 cents, 
_ No. 3—Design Charts: for Open-Channel Flow (1961). 70 
cents. 
No. 4—Design of Roadside Drainage Channels (1965). 40 
cents. 


Identification of Rock Types (revised edition, 1960). 20 cents, 
Request from Bureau of Public Roads. Appendix, 70 cents. 
The 1965 Interstate System Cost Estimate, House Document No. 
42, 89th Cong., Ist sess, (1965). 20 cents. 
Interstate System Route Log and Finder List (1963). 10 cents. 
Labor Compliance Manual for Direct Federal and Federal-Aid 
Construction, 2d ed. (1965). $1.75. 
Amendment No. 1 to above (1966), $1.00, 
Landslide Investigations (1961). 30 cents. 
Manual for Highway Severance Damage Studies (1961). $1.00. 
Manual on Uniform Traffic Control Devices for Streets and High- 
ways (1961). $2.00. 
Part V only of above—Traffic Controls for Highway Construc- 
tion and Maintenance Operations (1961). 25 cents. 


Maximum Desirable Dimensions and Weights of Vehicles Oper- 
ated on the Federal-Aid Systems, House Document No, 354, 
88th Cong. 2d sess. (1964). 45 cents. 

Modal Split—Documentation of Nine Methods for Estimating 
Transit Usage (1966). 70 cents. 

National Driver Register. A State Driver Records Exchange 
Service (1965). 20 cents. 

Overtaking and Passing on Two-Lane Rural Highways—a Litera- 
ture Review (1967). 20 cents. 

Presplitting, A Controlled Blasting Technique for Rock Cuts 
(1966). 30 cents. 


Proposed Program for Scenic Roads & Parkways (prepared for 
the President’s Council on Recreation and Natural Beauty), 
1966. $2.75. 

Reinforced Concrete Bridge Members—Ultimate Design (1966). 
35 cents. 

Reinforced Concrete Pipe Culverts—Criteria for Structural De- 
sign and Installation (1963). 30 cents. 


Road-User and Property Taxes on Selected Motor Vehicles 
(1964). 45 cents. 

Role of Economie Studies in Urban Transportation Planning 
(1965). 45 cents. 

Standard Alphabets for Highway Signs (1966). 30 cents. 

Standard Land Use Coding Manual (1965). 50 cents, 

Standard Plans for Highway Bridges: 

Vol. 1J—Structural Steel Superstructures (1968). $1.00. 
Vol. 1V—Typical Continuous Bridges (1962). $1.00. 
Vol, V—Typical Pedestrian Bridges (1962). $1.75. 

Standard Traffic Control Signs Chart (as defined in the Manual 
on Uniform Traffic Control Devices for Streets and Highways) 
22 x 34, 20 cents—100 for $15.00. 11 x 17, 10 cents—100 for 
$5.00, 

Traffic Assignment Manual (1964). $1.50. 

(1963). 15 cents, 

Traffic Safety Services, Directory of National Organizations 

Transition Curves for Highways (1940). $1.75. 

Typical Plans for Retaining Walls (1967). 45 cents. 
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